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DYNAMIC NUCLEAR POLARIZATION 


M. Abraham,* M. A. H. McCausland, and F. N. H. RobinsonT 
The Clarendon Laboratory, Oxford, England 
(Received April 13, 1959; revised manuscript received May 8, 1959) 


Saturation of the microwave electron paramag- 
netic resonance of impurities in various mate- 
rials produces enhanced and reversed nuclear 
polarization throughout the material, an effect 
discovered by Erb, Motchane, and Ubersfeld' 
and Abragam and Proctor.” 

Figure 1 shows the levels in a magnetic field of 
a single electron spin loosely coupled to a nu- 
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FIG. 1. Levels of an electron and a nucleus in a 
magnetic field. 


cleus of spin 3. Full arrows denote the allowed 
transitions, presumably also the fastest relaxa- 
tion processes. Saturation of the partially for- 
bidden line A at a frequency vg-v,y leads to the 
population distribution shown in column A on the 
right of the figure. The resulting ratio of the 
populations of nuclear substates with my positive 
to those with it negative is 


x, = (2+ 4)/(2 - A)=14+4, 
compared with the equilibrium ratio 
X%o=1+6, 


where A and 6 are the electronic and nuclear 
Boltzmann factors. Saturation of B yields 


X%,21-A. 


Thus A leads to a positive enhancement 4/6 and 
B to a reversal - 4/6. 

In the materials investigated, the lines A and 
B are not resolved since their separation 2Uy is 
considerably less than the width Av, of the elec- 
tron line. If this is inhomogeneously broadened, 
a plot (Fig. 2) of the electron absorption line is 
equivalent to a plot of the number N of paramag- 
netic centers whose allowed frequency is vy ina 
particular field. An applied signal », saturates 
the allowed transition of N, centers, the transi- 
tion A of N, centers whose allowed frequency is 
Vo+ Vy, and the transition B of N, centers. In 
the case illustrated, the net effect is a reversal 
depending on the difference between N, and N,. 
The points of maximum enhancement and reversal 
coincide with the points of maximum slope of the 
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FIG. 2. Effect of electron line width. 


electron absorption line. Enhancement at a fixed 
field occurs at electron frequencies below the 
line center (field above at fixed frequency), and 
reversal vice versa. For v,<< Ave, the maxi- 
mum effect is proportional to v, /Avg. Since the 
possible enhancement is 4/5=v,/vy, the over-all 
effect depends only on y,/Avg and not at all on 
the nuclear gyromagnetic ratio g,. 

In Fig. 3 we show the intensity at 1.6°K of the 
Li’ nuclear resonance absorption signal in a 
single crystal of LiF containing F centers pro- 
duced by x-rays. The microwave frequency is 
constant at 9.41 kMc/sec and the static magnetic 
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FIG. 3. Enhancement of Li nuclear resonance signal 
at 1.6°K as a function of the nuclear resonance frequency 
(or magnetic field) at a fixed microwave frequency 9.41 
kMc/sec. 
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field and nuclear resonance frequency are varied 
Each point represents the ratio of the signal wit, 
the microwave power on to the signal in its ab- 
sence. The signal-to-noise ratio of the unen- 
hanced signal was greater than 5:1. 

The results fit the theory outlined above, and 
the separation 0.18 Mc/sec or 108 gauss betwee, 
the two maxima agrees well with the paramag- 
netic resonance result, 111 gauss, of Lord.* 
Exactly similar results obtain for the F’® rego- 
nance, confirming the independence of the effect 
on g,- Preliminary results on another crystal 
show an increase in the maximum effect from 
17:1 at 9.4 kMc/sec to 58:1 at 36 kMc/sec. This 
increase is less than the increase in v, but is at 
least partly explained by incomplete saturation 
of the resonance at the higher frequency. The 
nuclear resonance spectrometer would not oper- 
ate above 25 Mc/sec and so we were unable to 
observe the increase in the F’® resonance. If we 
assume that this is also 58:1, then at the tem- 
perature 1.4°K of this experiment the F’® polar- 
ization exceeded 10% in a volume of 1/8 cc. 

The measurements were made using a spe- 
cially designed self-oscillating nuclear resonance 
detector, and we observed no change in the rela- 
tive enhancement in going from levels well below 
nuclear saturation to levels well above. The ef- 
fect depends to some extent on the field modula- 
tion amplitude if this approaches the electron 
line width. The measurements we quote used 
much smaller sweeps approximately equal to 
twice the nuclear line width. 

The effect increases with increasing F -center 
concentration. It is absent in pure crystals 
characterized by a nuclear spin lattice relaxation 
time 7, in excess of 45 seconds at room tempera: 
ture. It is 3:1 in crystals exposed to x-rays but 
not visibly colored with T,~5 sec and 17:1 in 
dark brown crystals. 

The results for other materials at microwave 
frequencies between 8 and 10 kMc/sec and tem- 
peratures between 1.2 and 1.6°K are presented 
in Table I. The variety of materials yielding a 
measurable effect suggests that this is a very 
general way of polarizing nuclei. Almost any 
type of paramagnetic impurity produces an ef- 
fect, provided only that the principal nuclear 
spin lattice relaxation process is via the impuri- 
ties. With the exception of sapphire and cobal- 
ticyanide, the results are similar to those in 
Fig. 3. In these two materials the effects are 
much more complex. In sapphire, for example, 
each line of the Al*” quadrupole spectrum is en- 
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Table I. 
several materials. 


Maximum enhancement of nuclear resonance absorption in 








Material Nucleus Enhancement 
Ce,Mg;(NO3).° 24H,O or" H! 25:1 
La,Mg;(NO3),° 24H,O 5% Ce*** impurity H! 60:1 

Synthetic sapphire 0.1% Crt++ impurity Al?" 5:1 

K,;Co(CN), 2.5% ferric impurity Co? 2:1 

Polytetrafluorethylene Centers due to F'® 38:1 
electron bombardment 

CaF, 0.01% Ce*** impurity Fs 2:1 

LiF F centers due to x-rays Li'’F”® 17:1 

LiF F centers, 36 kMc/sec Li’ 58:1 





hanced or reversed to the same extent but, at a 
fixed field, on sweeping the microwave frequency 
from 8 to 10 kMc/sec a series of peaks in the 
enhancement are seen below 9 kMc/sec and a 
series of peaks in the reversal at frequencies 
above. These peaks extend over the whole range 
2kMc/sec of our microwave source. 


"Fulbright Research Student. 

tEnglish Electric Research Fellow. 

‘Erb, Motchane, and Ubersfeld, Compt. rend. 246, 
2121 and 3051 (1958). 

2A. Abragam and W. G. Proctor, Compt. rend. 246, 
2253 (1958). 

3N. W. Lord, Phys. Rev. 105, 756 (1957). 





STRAIN-INDUCED CHANGES IN THE SEEBECK COEFFICIENT OF n-TYPE GERMANIUM 


J. R. Drabble and R. D. Groves 
Research Laboratories, The General Electric Company, Limited, Wembley, England 
(Received April 29, 1959) 


We have measured the strain-induced changes 
inthe Seebeck coefficient of oriented specimens 
of n-type germanium (with carrier concentration 
3x10*/cc) at mean temperatures of 82°K and 
§.5°K. Large changes parallel to the applied 
stress were observed on [111] and [110] oriented 
secimens. The corresponding effects for [100] 
specimens were negligibly small in comparison, 
thus indicating that the changes are brought about 
solely as a consequence of the strain-induced 
changes in the carrier populations of the differ - 
nt valleys. The effect leads in a fairly direct 
way to an estimate of the anisotropy of the pho- 
ton-drag part of the Seebeck tensor for a single 
valley. 

The theory of elastoresistance under these 
conditions (Herring and Vogt’) leads to expres- 
sions for the components of the variation of the 
conductivity with strain which are functions of 
the deformation potential constants and of 
‘(=u,/py), the ratio of mobilities perpendicular 


and parallel to the symmetry axis of a single 
valley. A closely parallel theory can be set up 
for the components of the variation with strain of 
the product of the conductivity and Seebeck ten- 
sors. These components involve the same param- 
eters as the elastoresistance components together 
with another parameter L which it is convenient 
to define as Qj /Q 1, the ratio of the components 
of the partial Seebeck tensor parallel and per- 
pendicular to the symmetry axis of a valley. The 
theory is not completely analogous to the theory 
of elastoresistance because the electronic part 
of the Seebeck tensor for a single valley changes 
with the carrier concentration. This change how- 
ever is just k/e times the relative change in the 
conductivity of the corresponding valley, and 
thus the combined effect of such changes is sim- 
ply related to the total conductivity change. 

In view of this analysis, we have measured the 
relative resistivity changes (Ap)/p, under condi- 
tions of stress and temperature distribution 
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identical with those used to measure the relative valley, Qp, Il /p, a, to have the value 9.6+0.3 x rays @ 
changes in the Seebeck coefficient (AQ)/Q,. A 82°K and 9.50.5 at 95.5°K. These agree very In Fi 
chopper technique was used to eliminate the ef- well with the values obtained by Herring et al’ } shown 
fect of the temperature gradient on the resistiv- from an analysis of thermomagnetic effects. 1 ev 
ity measurements. The relation between (4Q)/Q, They found a value of 9.6 which was independen tion va 
and (Ap)/p, gives directly a simple function of the of temperature in the range 60°K to 100°K. crystal 
parameters K and L. A second relation involving synthet 
K, Qy, and Q, is obtained from the zero-strain concen’ 
value of the Seebeck coefficient. P crystal 

We have used the K values given by Goldberg” C. Herring and E. Vogt, Phys. Rev. 101, 944 (1948 istos ¢ 
to calculate Q, and @Q,. Subtracting the electron- ,C- Goldberg, Phys. Rev. 109, 331 (1958). initial 

iI ry ‘Herring, Geballe, and Kunzler, Phys. Rev. 111, x 

ic part of these as estimated from low-field Hall — |. & no long 


data, we have found the ratio of the components 
of the phonon-drag Seebeck tensor for a single 


(1958); see also Geballe, Herring, and Kunzler, J, 
Chem. Solids 8, 347 (1959), and Herring, Geballe, a § Proloms 
Kunzler, Bell System Tech. J. (to be published). moved 
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COLOR CENTER FORMATION IN SODIUM CHLORIDE 


H. W. Etzel and J. G. Allard 
United States Naval Research Laboratory, Washington, D.C. 
(Received May 8, 1959) 


Recent experimental work in this laboratory on 
the F -center production in synthetic sodium 
chloride at room temperature by ionizing radia- 
tion has revealed growth curves for synthetic 
crystals which differ from those obtained for 
halite. From Fig. 1 it can be seen that the nat- 
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ENERGY ABSORBED (ev/cm3) 
FIG. 1. Growth of the number of F centers pro- 
duced in NaCl by x-ray radiation as a function of the 
energy absorbed. 
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ural crystal from Baden, Germany has a simple higher 
growth curve whereas in the synthetic crystals | i» the 
the growth curve is somewhat complicated. h | jj. 


recent publications’»* the influence of hydroxyl }  or¢ 
ions inadvertently introduced into synthetic al- J it, of 
kali halide crystals by growth in air, has been ergy re 
noted. It is evident from the figure that asthe J py 1 g 
amount of hydroxyl ion (which is related to the J ii: one; 
absorption coefficient at 1850 A) is reduced, the § wuber 
growth curves for the synthetic crystals app ted as tl 
that of the natural crystal. If the natural crystad § me in 


contains any impurities, they are not apparent if i, for 
the growth curve data. in Fig. : 
The color center formation in synthetic crys- 
tals has been compared to that in natural crys- 
tals using 40-kvp x-rays, 2-Mev electrons, and 
1.2-Mev y rays. The flux from these sources 
has been calibrated and the energy absorbed by 
the thin crystals (d=0.22 mm) calculated. The 
number of F centers created per unit absorbed 
energy agrees within 30% for the 40-kvp x-rays 
and the 2-Mev electrons where the flux was com§ ! 
parable (6 x10'* ev/cm?-hr). In the Co™ y-ray 9? 
exposure, the rate of energy absorption was 4 
factor of 100 less, and the coloration for a given 
energy absorbed was a factor of 3 lower than ti 
for the other radiations. Despite the low rate d 
F-center production under y rays, the shape of 
the growth curves for the different radiations is 
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rays and high-energy electrons. 

In Fig. 1 the growth curves under x-rays are 
shown for the various specimens. Up to about 
1° ev/cm® energy absorbed, the rate of colora- 
tion varies by as much as a factor of 30 between 
crystals. It will be noted that the faster-coloring 
synthetic crystals attain the same color-center 
concentration and production rate as the natural 
crystals after prolonged irradiation. This indi- 
cates that the entity responsible for the enhanced 
initial coloration rate in the synthetic crystals is 
n longer effective for F-center production after 


"4 prolonged irradiation. This entity is not re- 


aple 


nt in 








moved from the crystal, however, because a 

still higher initial coloration rate is produced if 
the color centers are optically bleached and the 
crystal is irradiated again with x-rays. If the 
entities responsible for the initial enhancement 
are vacancies, it may be possible that vacancy 
girs or higher order complexes are formed 

uder prolonged irradiation which are ineffective 
for trapping electrons. However, no abnormal 
growth of the M band or the presence of other 
higher order bands is observed which can account 
for the loss of these F centers in synthetic crys- 
tals. 
In order to facilitate the extrapolation of the 

data of Fig. 1 to the origin to determine the en- 
ergy required to form an F center, the data of 
Fig. 1 are replotted as follows. The abscissa E, 
the energy absorbed/cm’, is divided by n, the 
wmber of F centers/cm*, and this ratio is plot- 
ted as the ordinate in Fig. 2. The abscissa is the 
same in both plots. With the exception of the 

tata for the natural crystal, the curves obtained 
in Fig. 2 are straight lines over a sufficient en- 
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FIG. 2. The x-ray energy absorbed per number of 
Feenters formed in NaCl crystals as a function of 
‘ergy absorbed. 


ergy range to be represented by the equation 
E/n=mE+b, where n is the color-center con- 
centration, m is the slope, 5b is the intercept on 
the E/n axis, and E is the energy absorbed. The 
data then indicate that the energy required to 
form an F center in Harshaw Company NaCl is 
96 ev, in NRL NaCl batch C is 85 ev, in NRL 
NaCl batch J is 73 ev, and in NaCl:Ca is 70 ev. 
It should be noted that in this plot, the natural 
crystal data do not give a straight line over any 
part of the dose range illustrated. By using 
thick crystals and y-ray exposures of (2-5) x10** 
ev/cm’, it has been determined that the energy 
required to form an F center in the natural crys- 
tal is about 85 ev. 

Despite the wide variation in the rate of color- 
center production in the various crystals, the 
energy to form an F center is about the same for 
all crystals studied although there is some slight 
variation. This energy is a measure of the effi- 
ciency with which an electron in a given crystal 
is freed from within the lattice and trapped at a 
negative-ion vacancy to form an F center. The 
fact that the F-center coloration varies consider- 
ably in the mid-range of energy absorbed indi- 
cates the presence of a readily available source 
of vacancies which is dependent upon the crystal 
history. It is known’ that air-grown synthetic 
NaCl has an absorption at 1850 A associated with 
an hydroxyl ion concentration to which the color- 
ation is proportional. In NaCl doped with cal- 
cium, it is known that the irradiation-produced 
F-center coloration is proportional to the cal- 
cium concentration.* Preliminary coloration ex- 
periments with x-rays on calcium-doped NaCl 
indicate that the growth curve is well represented 
by n=(m+b/E)~ to color-center concentrations 
in excess of 2x10"* F centers/cm*. The fact that 
the data shown in Fig. 1 are, in the initial rapid- 
coloring stage, represented by n=(m+b/E)™ in 
both hydroxyl-bearing and calcium-bearing crys- 
tals suggests that a common entity is introduced 
into these crystals by the impurities. Arguments 
have been presented for the presence of positive - 
ion vacancies as being responsible for the en- 
hanced coloration observed in calcium-doped al- 
kali halides.‘ The excess positive-ion vacancies 
are thought either to aid in the diffusion of ne- 
gative-ion vacancies from dislocations or to act 
as traps for holes, reducing the electron-hole 
recombination. If it is to be assumed that there 
is an excess positive-ion-vacancy concentration 
in the hydroxyl-bearing crystals, it would require 
that the hydroxyl ion substitute for two chlorine 
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ions in the lattice. Whether this occurs or not 
could perhaps be verified by measuring the ionic 
conductivity of a group of crystals having differ - 
ent hydroxyl concentrations. 

Finally, it is of interest to note that not only is 
the energy required to form an F center about 
the same for these diverse crystals, but for pro- 
longed irradiations the various crystals appear 
to have the same color-center concentration and 
rate of production. It would seem then, that the 
only region in which it would be safe to use the 
data of synthetic crystals which contain inadvert- 
ent impurities for kinetic studies of F-center 
formation is in the high-dose range where the 





effects of these impurities are no longer presen 

The authors wish to thank Dr. J. H. Schulman, 
Dr. C. C. Klick, and Dr. H. Rosenstock for many 
helpful discussions. The authors also express 
their appreciation to Dr. G. S. Switzer of the 
Smithsonian Institution for providing the sample 
of halite from Baden, Germany. 
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*H. W. Etzel and D. A. Patterson, Phys. Rev. 11) 
1112 (1958). _ 

3H. W. Etzel, Phys. Rev. 87, 906 (1952). 

‘F, Seitz, Revs. Modern Phys. 26, 7 (1954); see 
pp. 63, 64. 





ELECTRON FREE PRECESSION IN PARAMAGNETIC FREE RADICALS* 


D. E. Kaplan and M. E. Browne 
Lockheed Research Laboratory, Palo Alto, California 
(Received May 11, 1959) 


Free magnetic induction signals from the un- 
paired electron in the organic free radicals, a- a 
diphenyl-8 -picryl hydrazyl, a-y bisdiphenylene- 
8-phenylallyl, and picryl-m-amino carbazyl, have 
been observed. Transverse relaxation times, T,, 
in the range 30-100 millimicroseconds were 
measured directly using pulsed resonance tech- 
niques originated by Hahn.’ Measurements were 
made on polycrystalline samples at 300°K with 
an extremely fast time-resolution pulsed spec- 
trometer operating at microwave X-band fre- 
quencies (9.3 kMc/sec). Recently, Gordon and 
Bowers’ have used pulse methods at 23 kMc/sec 
to measure T,’s in the range 100-1000 micro- 
seconds for paramagnetic resonances in impurity- 
doped silicon. 

A detailed description of the spectrometer used 
for these measurements will be published later. 
It utilizes a ferrite circulator and a magnetron 
which generates 150-watt, 50-millimicrosecond 
pulses at 9.3 kMc/sec. A terminated TE,,, trans- 
mission cavity (Q~30) containing the spin sample 
in a de magnetic field is placed in the antenna arm 
of the circulator. The pulse power and duration 
produces approximately a 45° pulse in this cavity. 
One -half of the free precession signal originating 
in this cavity following a pulse appears in the re- 
ceiver arm of the circulator and is detected in 
a broadband superheterodyne system. The out- 
put is displayed directly on the plates of a Tek- 
tronix 517A oscilloscope. 
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Figures 1(A), (B), and (C) are oscilloscope 
photographs of free precession decays following 
application of a single microwave pulse in the 
hydrazyl, phenylallyl, and carbazyl radicals, 
respectively. Samples used contained approxi- 
mately 10” spins. The first two spikes precedig 
the spin signal are reflections from leading and 
trailing edges of the transmitter pulse. The sig- 





nal minimum occurring shortly following the pul 
has been shown by Nelson’ to arise from disper- 
sion in the angle of rotation of the spin ensemble 





FIG. 1. Free precession signal decay following sit- 
gle pulse in (A) hydrazyl, (B) phenylallyl, and (C) car 
bazyl. The time scale is 50 millimicroseconds/ scale 
division. 
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during the pulse on time. The effect is accentuated 
in this case when the pulse width is not short com- 
pared to T,. The 50-millimicrosecond pulse ap- 
pears broadened due to receiver overloading. 

The time constant of the spectrometer at normal 
signal levels after recovery from saturation is 

jess than 5 millimicroseconds, and hence the 

signal shape is not distorted. Because the natural 
line width in these radicals is substantially greater 
than the dc magnetic field inhomogeneity over the 
sample volume, T, measurements, which were 
taken directly from the decay envelope, do not 
reflect external broadening effects. 

Lowe and Norberg* have shown that the free 
precession signal decay envelope is closely the 
Fourier transform of the cw resonance line. The 
decay envelopes following signal maximum for 
hydrazyl and phenylallyl were found to be of the 
form exp(-t/T,), implying a Lorentzian cw line 
inagreement with observations of Bloembergen 
and Wang,® Goldsborough and Mandel,® and Lloyd 
and Pake,” that the spin-lattice relaxation time, 

T,, equals T, in these radicals. The structure of 
the carbazyl decay envelope reflects the asym- 
metric line shape reported by Kikuchi and Cohen,® 
and does not permit accurate analysis. Table I 
compares our results for pulsed measurements 

of T, with those obtained from cw line-width meas- 
urements by Pake® and Wertz et al."° (AH =2/y,T,, 
where yg =1.7610~" gauss™ sec™ and AH is 
measured between half-intensity points.) The 

close agreement between cw and pulsed results 

for hydrazyl and phenylallyl implies that aniso- 
tropic broadening, associated with variation of 

the g factor value with crystalline axis orienta- 


Table I. T, results at 9.3 kMc/sec. 








Free radical (72) pulsed (T)) ow 

(polycrys.) mysec mysec 
hydrazyl 38 41 

phenylallyl 83 81 
carbazyl 100 1104 





‘(single crystal). 


tion in a magnetic field, is small in these cases. 
The hydrazyl T,’s are about 30% shorter than 
values reported by Bloembergen and Wang.® The 
time constant for the long tail of the carbazyl 
curve is about 100 millimicroseconds, charac- 
teristic of the narrow single-crystal line width 

of 0.5 gauss reported by Kikuchi and Cohen.* Be- 
cause of pronounced anisotropic broadening, the 
polycrystalline carbazyl line width is about 6 
gauss. 

Spin echoes following application of two suc- 
cessive microwave pulses could not be obtained 
in these radicals because of short relaxation 
times and limitations on minimum pulse width for 
the magnetron. Measurement of T, by two-pulse 
techniques was not possible for similar reasons. 

Direct measurement of paramagnetic transverse 
and thermal relaxation times of less than 1 micro- 
second in many substances should be possible 
with this instrument; further, it shows promise 
of realizing the potentially large information stor - 
age capabilities of some paramagnetic systems 
as demonstrated by Gordon and Bowers.” 

We wish to thank Professor E. L. Hahn and 
Professor G. E. Pake for several stimulating 
discussions. Dr. M. Mandel and Dr. W. Blumberg 
have contributed valuable suggestions. 
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OPTICAL AND MAGNETO-OPTICAL ABSORPTION EFFECTS OF GROUP III 
IMPURITIES IN GERMANIUM" 


P. Fisher and H. Y. Fan 
Department of Physics, Purdue University, Lafayette, Indiana 
(Received May 6, 1959) 


The ionization and excitation spectra of Group 
III impurities in germanium have been measured’ 
on single crystals of germanium, held at ~ 5°K, 
by the use of a far infrared grating spectrometer. 
Figure 1 shows such a spectrum for boron-doped 
germanium; this is typical of the Group III impu- 
rities. The absorption lines correspond to tran- 
sitions of bound holes from the ground state of 
the impurity atom to the various excited states. 
The energy separations between the absorption 
lines give a measure of the energy spacings of 
the excited states. In view of the large dielectric 
constant of germanium and the small effective 
masses of its holes, the level scheme of the ex- 
cited states should be relatively independent of 
the particular Group III impurity involved. 

Table I gives the spacings between the various 
lines and the line D for the four impurities stud- 
ied. The spacings between the excited states cal- 
culated by Schechter’ are also listed. In compar- 
ing the theoretical and experimental values, the 
strong lines C and D are assigned to the 1s~2p° 
and 1s~2p? transitions, respectively. The agree- 
ment is fair, particularly when one considers 
the complexity of the theoretical problem. The 
optical ionization energies are obtained by adding 

















Wavelength in Microns 


FIG. 1. Transmission spectrum of boron-doped 
germanium at ~5°K. Room temperature resistivity 
=14 ohm cm. Sample thickness =3.5 mm. 


the calculated binding energy of the 29° state to 
the energy of line C. These values are in good 
agreement with the thermal activation energies. 
The Zeeman effect on the excitation lines of 
donor impurities in germanium has been reported 
previously® and satisfactorily explained. This 
effect has now been studied for an acceptor im- 
purity in germanium. Figure 2 shows the Zeema 
pattern of the strong C and D lines of boron im- 
purity for H || (111). Measurements at different 


Table I. Energy level spacings and ionization energies for 
Group III impurities in germanium, in units of 107° ev. 








Theoretical® Experimental? 
B Tl Ga___In 
2p' - 2p? 1.8 A-D 1.76 1.83 1.82 1.72 
B-D¢ 1.36 1.41 1.41 1.37 
2p* - 2p? 0.5 c-pe 0.71 0.73 0.72 0.73 
D-E 0.43 0.41 0.53 
2p' - 2p? 1.4 D-F 1.00 1.10 1.19 1.12 
D-G ~-s 1.69 1.64 1.85 
Ionization energies Optical 10.3 13.0 10.8 11.4 
Thermal 10.49 14€ 10.84 11.2d 





See reference 2. 
Experimental error is +0.08 unit for the spacings. 
°Experimental error is +0. 04 unit. 
dT, H. Geballe and F. J. Morin, Phys. Rev. 95, 
1085 (1954). 
©M. L. Schultz and G. A. Morton, Proc. Inst. Radio 
Engrs. 43, 1819 (1955). 





VoLU 


40 


30 


20r 


Percent Transmission 





FIG. 
excitat 


field s 
is line 
observ 
appear 
howeve 
D line. 
positio 
be a qu 

Scher 
states” 
spectiv 
betwee 
Accord 
that th 
in the | 
the fie] 
be unre 
unders' 
show n 
with H 

Lutti 
field or 
predict 
Rough]: 
degene} 
spectru 
should | 
field. ] 











. 





VoLUME 2, NUMBER 11 


PHYSICAL REVIEW 


LETTERS 1959 











T T T T T T 
H=0 





——— HeIEKG To 5°K 
H Il <i> 


40r 


w 
So 


Percent Transmission 


Dd 
So 











1 





1 n 
150 160 
Wavelength in Microns 


170 


FIG. 2. Effect of a magnetic field on the two strong 
excitation lines of boron in germanium. 


field strengths show that the splitting of the D line 
is linear with field (2.5 x10~* ev /oersted) with no 
observable shift in its mean position. The C line 
appears to be split into two lines, the splitting, 
however, being only about half that seen for the 
Dline. The C line exhibits a shift of its mean 
position to higher energies; this shift appears to 
bea quadratic function of field. 

Schechter’s analysis shows that the 2p” and 29° 
states are fourfold and twofold degenerate, re- 
spectively. Thus we may expect a difference 
between the Zeeman patterns of the C and D lines. 
According to Wallis and Bowlden,* Kohn has shown 
that the degeneracy of the ground state is lifted 
inthe presence of a magnetic field. However, for 
the fields used here the expected splitting would 
be unresolvably small. Even so, it is difficult to 
uderstand why the pattern of the D line does not 
show more multiplicity. A measurement made 
with H || (100) gave substantially the same result. 

Luttinger’s® theory for the effect of a magnetic 
field on the degenerate valence band of germanium 
predicts two pairs of ladders of energy levels. 
Roughly, each pair is associated with one of the 
degenerate bands. Thus the ionization absorption 
spectrum of a Group III impurity in germanium 
should show structure under an external magnetic 
field. Figure 3 shows this effect for boron-doped 
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FIG. 3. Effect of a magnetic field on the ionization 


absorption of boron in germanium. The ordinate is 
the ratio of transmitted intensity through the sample 
with and without field. 


germanium. The pattern appears to consist of 
two series of peaks, one series being weaker than 
the other. Only three of the weak peaks are re- 
solved. Better resolution has been obtained at 
higher fields. The absorption peaks may be iden- 
tified with transitions from the impurity ground 
state to the two light-hole ladders. 

The difference between the energy of the first 
peak in each series and the ionization energy for 
H =0(see Table I) is 11.0 and 18.3, in units of 
(eh /mc)H. Comparing these values with the theo- 
retically estimated levels® in the two light-hole 
ladders, one can identify the first peak in each 
series with the level for which n=1, where n is 
the quantum number defining the levels in a ladder 
and takes the values 0,1, 2,3,... etc. The observed 
energy spacings between the successive peaks is 
approximately uniform, 24.8 units in the first se- 
ries and 23.4 units in the second series. The theo- 
retically estimated spacing is ~23 units for both 
ladders, provided ~>2, which is in fairly good 
agreement with either of the two experimental 
values. However, within the ladder which has 
been associated with the first series of peaks the 
estimated spacing between the levels for n=1 and 
n=2 is ~19 units. This value is appreciably smaller 
than the spacing between the first two peaks in the 
first series. 





*work supported by the Office of Naval Research. 
1p. Fisher and H. Y. Fan, Bull. Am. Phys. Soc. 
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*Reported by W. Kohn, in Solid-State Physics , edited 
by F. Seitz and D. Turnbull (Academic Press, New 
York, 1957), Vol. 5. p. 257. 

44. Y. Fan and P. Fisher, J. Phys. Chem. Solids 
8, 270 (1959); W. S. Boyle, J. Phys. Chem. Solids 8, 
321 (1959). 





i , 


‘R. F. Wallis and H. J. Bowlden, J. Phys. Chem. 
Solids 8, 318 (1959). 

5J. M. Luttinger, Phys. Rev. 102, 1030 (1956). 

Values of the constants used for this calculation are 
¥1=13.2, y2=4.4, y3=5.4, and x =4.0; this last value 
is estimated from Kohn’ s value for K (see reference 
5). The calculation is made for H || (111). 





RANGE OF ORDER OF SUPERCONDUCTING ELECTRONS* 


Hans Meissner 
The Johns Hopkins University, Baltimore, Maryland 
(Received April 30, 1959) 


In the following it is proved that just as super- 
conducting electrons can drift into an adjoining 
normal conducting layer and make it supercon- 
ducting, normal electrons can drift into an ad- 
joining superconducting layer and prevent super- 
conductivity. 

It has been found earlier that an interposed 
normal conducting barrier does not necessarily 
prevent the superconductivity of a contact between 
two superconducting wires.’ This has been ex- 
plained by the assumption that the density of the 
superconducting electrons in the normal conduct- 
ing barrier decreases relatively slowly with dis- 
tance from the superconductor. Observations of 
the barrier thickness at which superconductivity 
disappears therefore provide an estimate of the 
“range of order” of the superconducting electrons. 
The following thicknesses in 10~* cm have been 
observed for the metals listed: 





Group IB VIA VIII 

Metal Cu: 30 Cr: 4 Fe:0.7 Co: 2 Ni: 1.0 
Ag: 40 
Au: 35 Pt: 7.5. 


The lower values of the thicknesses observed for 
the ferromagnetic barriers may be caused by 
quenching of superconductivity in the neighborhood 
of the contact due to the high magnetic fields 
emerging from the barrier layers. 

The experiments have been extended to measure- 
ments of the contact resistance (transverse re- 
sistance) and the resistance along the wire (lon- 
gitudinal resistance) of normal conducting wires 
plated with tin. While it is known? that films of 
tin evaporated onto glass are superconducting at 
thicknesses as low as 1.610 cm, it has been 
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observed that films of tin electroplated onto gold 
wire do not become superconducting if their thick- 
ness is less than 60x10 cm. Similar measure- 
ments of tin plated onto copper wire showed that 
these do not become superconducting below 20 
x10~* cm. 

These observations confirm early measurements 
by Burton, Wilhelm, and Misener® on tin, and by 
Misener and Wilhelm* on lead. These and subse- 
quent measurements by Misener® were usually 
believed to be unreliable (see the remark by 
Feigin and Shal’nikov® and by Shoenberg’), be- 
cause they disagreed with the measurements of 
superconducting films evaporated onto glass or 
quartz surfaces. Since in the present experiments 
the time between plating and measurement in 
liquid helium was less than 2 hours, it is unlikely 
that the results are falsified by alloying or dif- 
fusion. It is much more likely that just as the 
superconducting electrons “spill over” into the 
normal conducting barriers, also the normal 
conducting electrons of the base metal can pre- 
vent superconductivity of the film. This effect is 
to be expected in view of the recent treatment of 
“dirty” superconductors by Anderson.® 

The measurements of the contact resistance 
represent in a way the “transverse” resistance 
of the film. Their results are very similar to 
those observed on contacts between normal-con- 
ducting and superconducting wires.* At lower 
temperatures the resistance disappears partially, 
but is, at least for the thinner films, still meas- 
urable even at 5 va and 1.48°K. A decrease in 
transverse resistance is observed already for 
films thin enough that the longitudinal resistance 
is almost independent of current and temperature. 

It is planned to repeat the experiments by simul 
taneous evaporation of tin onto glass and metal 
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rods and comparison of the /-T diagrams for 
yarious film thicknesses. 








‘Work supported by a contract with the Office of Naval 
Research. 

lHans Meissner, Phys. Rev. 109, 686 (1958). 

NN. E. Alekseyevsky, J. Phys. U.S.S.R. 4, 401 
(1941). 

jgurton, Wilhelm, and Misener, Trans. Roy. Soc. 
Can. 28, Sec. IM, 65 (1934). 

‘a, D. Misener and O. Wilhelm, Trans. Roy. Soc. 


Can. 29, Sec. II, 5 (1935); also Univ. Toronto Studies 
72, 12 (1935). 

°A. D. Misener, Can. J. Research 14, 25 (1936). 

SL. A. Feigin and A. I. Shal’nikov, Doklady Akad. 
Nauk. U.S.S.R. 108, 823 (1956)[translation: Soviet 
Phys. Doklady 1, 377 (1957). 

"D. Shoenberg, Superconductivity (Cambridge Uni- 
versity Press, Cambridge, 1952). See note at bottom 
of p. 166. 

8p, W. Anderson, J. Phys. Chem. Solids (to be pub- 
lished). 

°F, Bedard and H. Meissner, Phys. Rev. 101, 26 
(1956). 








OBSERVATION OF THE Co*® NUCLEAR MAGNETIC RESONANCE IN PARAMAGNETIC SALTS 


R. G. Shulman 
Bell Telephone Laboratories, Murray Hill, New Jersey 
(Received April 29, 1959) 


Moriya’ has considered theoretically the possi- 
bility of observing the nuclear magnetic reso- 
nance (NMR) signal from the nuclei of magnetic 
ions in the paramagnetic state. He pointed out 
that the resonance in the iron group would be 
affected by the strong internal magnetic fields 
(10°-10° gauss). In dense magnetic materials, 
rapid fluctuations of the electron spins by the ex- 
change interaction will result in “exchange-nar- 
rowed” nuclear resonance lines which calcula- 
tions indicated might be observable. It has been 
shown’ that the F*® resonance in paramagnetic 
MnF, is affected in just these ways by hyperfine 
interactions with the magnetic electrons. Inter- 
tal fields at the F’* nuclei are about one order of 
magnitude smaller than those at the magnetic 
io nuclei. By choosing a material where the 
exchange frequency is large and the hyperfine 
fields reasonably small, one increases the possi- 
bility of observing the resonance. In addition, 
since all the iron group elements which have 
magnetic moments also have large quadrupole 
moments, it is desirable to pick a salt where the 
magnetic ion is in a cubic environment. KCoF, 
and CoO with Néel temperatures of 137°K and 
298°K, respectively, both with cubic structures, 
the former being perovskite and the latter NaCl, 
vere considered suitable substances in which to 
search for the Co*® resonance. 

We have been able to observe the Co” reso- 
lance in both substances and shall consider the 
KCo*F, results in detail. In Fig. 1 a recorder 
plot of the derivative of the KCo**F, resonance at 


298°K is presented. It was taken with a Varian 
Associates Variable Frequency NMR spectrom- 
eter adjusted for maximum H,. The solid line is 
a calculated derivative curve for a Lorentzian 
line on the assumption that T, = 1.43 x10~® second. 
The line shape is seen to be Lorentzian as would 
be expected for an exchange-narrowed line. At 
298°K the center of the resonance corresponded 
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FIG. 1. Copy of recorder trace of the derivative of 
KCo**F, absorption. The solid curve is calculated for 
a Lorentzian line shape. 
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to Sore =Vett/2m = 1.2232 + 0.0002 (kc/sec)/gauss. 
The effective g value for Co®* has been measured 
by NMR in diamagnetic compounds’ and in the 
antiferromagnetic state.* It has been shown to 
have different values between 1.01 and 1.25 
(kc/sec)/gauss. This variation has been ex- 
plained®’*® by considering the contributions of low- 
lying excited states to the chemical shift and 
hyperfine interactions. Presumably these mech- 
anisms are responsible for the g value observed 
in our compounds. The effective g value was 
measured between 195°K and 368°K and it is 
plotted vs temperature in Fig. 2. At 195°K the 
line was narrower than at 298°K, and it was de- 
termined that T, =1.87x10~® second at 195°K. 

The salient features of the phenomena respon- 
sible for the line shapes, widths, and g factors 
are as follows. At the Co*® nuclei there are 
large time-dependent magnetic fields’ from both 
the spin and orbital moments of the magnetic 
electrons. In a cubic crystal field, the *F ground 
state of the Cot* ion is split into two orbital 
triplets and one singlet, with a twelve-fold de- 
generate orbital triplet lowest. Under the in- 
fluence of the spin-orbit interaction, the lowest 
triplet is split so that the lowest level is a Kra- 
mers doublet separated by ~400 cm™ from the 
first excited state which is fourfold degenerate. 
We assume, therefore, that to a first approxi- 
mation we can evaluate the interaction in the 
ground-state doublet ignoring the mixing with ex- 
cited states. Furthermore, since this is several 
times the magnetic exchange energy, we assume 
that both spin and orbital interactions are ex- 
change -narrowed with the same correlation time 
we =7x10" second as estimated from the 
molecular field approximation. 

The nuclear Hamiltonian given by Abragram 
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FIG. 2. Experimental value of Zeff vs temperature. 
When susceptibility measurements are made and in- 
terpreted, the functional form of the temperature- 
dependent part of the NMR shift will be known. It will 
then be possible to separate the temperature-dependent 
component of the shift from the temperature-independent 
component by extrapolating to infinite temperature. 
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and Pryce’ for the lowest doublet is 


W=-y,h l-H+PIN, 


where 
N= D+ (1/105){L(L-S) + (L-S)L} -[(8/105) + «]§, 
_ 8a 1 y(0)? 
7 a/r\’ 
P=2y yu fitl/r*). (t) 


For Cot* it has been shown® that P = 22 x1073 om" 
and x=0.32. From these values we calculate tha 
(N?) =0.13. It is possible to provide an experi- 
mental comparison with this value by using a 

model of Gaussian random modulations to obtain! 


1/T, = ($n)*P *(N*)/(2h*w ,). (2) 


Substituting the above values for P?, we, and7,, 
we find that (N”)=0.23. Considering the assump- 
tions mentioned above, this agreement with the 
calculated value lies within reasonable expecta- 
tions. Additional experiments to separate the 
temperature -independent and temperature-de- 
pendent effects are underway. 

With F. J. Morin we have observed the Co” 
resonance in CoO in the paramagnetic state. At 
298°K, g ¢¢=1.2012 + 0.0002 (kc/sec)/gauss while 
T, = (1.16 +0.1) x10~® second. 

It is a pleasure to thank Dr. K. Knox who 
called the interesting properties of KCoF, to our 
attention and who supplied the powdered samples 
used, Dr. T. Moriya for enlightening discussions 
of these results, and Mr. B. J. Wyluda who 
helped with the experiments. 





'T, Moriya, Progr. Theoret. Phys. (Kyoto) 16, 641 
(1956). 

*R. G. Shulman and V. Jaccarino, Phys. Rev. 108, 
1219 (1957). 

3w. G. Proctor and F. C. Yu, Phys. Rev. 81, 20 
(1951). 

‘vy, Jaccarino, Phys. Rev. Lett. 2, 165 (1959). 

53. S. Griffith and L. E. Orgel, Trans. Faraday Soe. 
53, 601 (1957). 

®T. Moriya (to be published). 

‘A, Abragram and M. H. L. Pryce, Proc. Roy. S0. 
(London) A205, 135 (1951). 

8B, Bleaney and D. J. E. Ingram, Proc. Roy. 50. 
(London) A208, 143 (1951). 

®T. Moriya (private communication). 
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PLASMA PINCH EFFECTS IN INDIUM ANTIMONIDE 


M. Glicksman and M. C. Steele 
RCA Laboratories, Princeton, New Jersey 
(Received May 11, 1959) 


In pulsed studies of the properties of n-type 
indium antimonide at 77°K in high electric fields, 
some interesting effects were observed in the 
presence of an external longitudinal magnetic 
field.’ It is now suggested that these observa- 
tins indicate the presence of pinching effects 
for the electron-hole pair current in indium anti- 
monide. It is believed that this represents the 
first published indication of the existence of 
pinch effects in a solid. Of course the pinch ef- 
fect in gaseous plasmas” is well known. 

Measurements were made on two samples with 
am electron density of 2 x10'* cm™ at low elec- 
tric fields. The single crystal used for the ob- 
servations shown in Fig. 1 was rectangular in 


‘| cross section, 0.39 mm x 0.60 mm, and about 8 


mm long. The voltage was measured between 
two cross arms which were part of the crystal, 
spaced 2.5 mm apart. The pulse length of 1 usec 
and repetition rate of 1 cps were chosen to mini- 
mize heating effects. Data obtained from the 
two samples agreed well within the precision of 
measurement, which was about 3 %. 

The pertinent results are shown in detail in 

Fig. 1, in which the measured current is plotted 
aa function of voltage for three cases: (1) with 
w external magnetic field, (2) with an applied 
longitudinal magnetic field of 350 gauss, and (3) 
vith an applied longitudinal magnetic field of 

3300 gauss. In the first case, it is seen that at 
lw voltages the current is ohmic, dropping off 
lower than ohmic slope for voltages greater 
than several volts. At voltages above about 20 
wits there is a change in behavior, with the cur- 
tent rising more steeply than before, and the 
slope continually increasing to the highest volt- 
ges observed. This general increase is due to 
‘lectron-hole pair creation in the crystal.'»* 
Curve (2) follows the same values until a current 
iS amperes, at which point it abruptly begins 
rise sharply with a slope greater than that of 


[curve (1). However, for currents of 13 to 20 


amperes, curve (2) approaches curve (1) and for 


.|"rrents larger than 20 amperes the curves are 


gain coincident. 

Curve (3) is somewhat displaced from the other 
wo at low voltages, indicating a higher resist- 
ace. Since it is expected that there is no lon- 





gitudinal magnetoresistance at low voltages, this 
is ascribed to the geometry used (samples with 
arms) which involves some disturbance of the 
current lines at the side contacts so that the 
magnetic field is not parallel to the current in 
this region. The effect observed is only about 

5 % of that observed in the same transverse mag- 
netic field.* It is noted for curve (3) that the 
current rises very steeply at voltages of the or- 
der of 60 volts and continues in this rise to the 
highest currents obtained. 

It is clear that the curves in a longitudinal mag- 
netic field rise more steeply than does the curve 
with no external magnetic field. These sharper- 
rising curves are believed proportional to the 
current density j as a function of electric field. 
Curve (1) rises less steeply, however, because 
for currents larger than 5 amperes the current 
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FIG. 1. Current as a function of voltage for n-type 
indium antimonide at 77°K. The current and the mag- 
netic field were in the [100] direction. 
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due to the electron-hole pairs is pinched down by 
the self-magnetic field: this electron-hole cur- 
rent occupies a geometrical space effectively 
much smaller than the cross section of the sam- 
ple. This curve is not then proportional to the 
current density, but should be stretched in the 
direction of increasing ordinate to yield such a 
proportionality, i.e., the J-V curve is less steep 
than the 7-V curve. Where the pinch becomes 
very small, the density will become large enough 
to give appreciable electron-hole scattering. In 
addition, there will be an appreciable magneto- 
resistance effect due to the large azimuthal mag- 
netic field. Both of these effects will increase 
the electric field necessary to produce a given 
current density, adding to the slowness of rise 
of curve (1). 

With the application of a longitudinal magnetic 
field, the pinched plasma should be affected in 
two ways. In the first place it will be enlarged. 
The equilibrium diameter of a pinched plasma in 
a gas is larger in an external longitudinal mag- 
netic field, * and when the field is about equal to 
the azimuthal current-produced magnetic field*’® 
the pinch is effectively destroyed. In addition, 
there is an improvement in the stability of the 
pinch of gaseous plasmas in an external longitu- 
dinal magnetic field.*»®>” 

The effect of the magnetic field can be seen 
from the behavior of the curves in Fig. 1. At5 
amperes pinching sets in, in the absence of a 
longitudinal magnetic field. For both curves (2) 
and (3) there is no pinching at this current, how- 
ever. For curve (2), when the current becomes 
so large that the azimuthal self-magnetic field 
approaches the strength of the external magnetic 
field, the current does pinch down, reaching an 
equilibrium similar to that without the external 
field for currents of 20 amperes and higher. For 
curve (3), with an external longitudinal field of 
3500 gauss, the azimuthal self-field is too small 
over the range investigated to give pinching. 

The pinched plasma current in the solid can be 
treated in a way similar to the situation in the 
gas.”»*»* Such a treatment yields the following 
condition for a “steady state” pinched plasma 
with no applied magnetic field: 


fel, : 2ck(T + T, )/ev, 


where k is Boltzmann’s constant, T, and Tp are 
the mean kinetic temperature of the electrons 
and holes in the plasma current, v is the elec- 
tron drift velocity, and J is the current in elec- 
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tromagnetic units. When / approaches /,,, ap- 
preciable pinching will occur. The drift velocity 
is known from previous work.'»* The sum of the 
electron and hole mean energies, at a current of 
about 5 amperes, is then found to be 0.13 ev. 
This value is reasonable, indicating that the 
average energy is larger than the optical phonon 
energy’® of 0.025 ev, but less than the band gap 
of about 0.2 ev. In the 350-gauss longitudinal 
magnetic field, currents of 10 to 15 amperes 
correspond to self-magnetic fields at the sample 
surface of 110 to 165 gauss. This is apparently 
sufficient to initiate pinching, in qualitative 
agreement with the gaseous plasma results ob- 
served by Bezbatchenko and co-workers.‘ 

It is expected that the size of the pinch, in the 
absence of the longitudinal magnetic field, will 
be limited by a balance between the supply of 
electron-hole pairs and the loss through diffusion 
and recombination outside the pinch. For small 
external longitudinal fields, this may still be the 
dominant effect, since curves (1) and (2) are 
coincident at currents of 20 amperes and higher. 

The current in the presence of external trans- 
verse magnetic fields will also be affected by the 
pinching, with the expectation that the plasma 
current will be forced to one side of the crystal 
by the external field. Calculations of the plasma 
current in the presence of external magnetic 
fields are in progress. 

The question of the stability of such a pinched 
discharge is worth further exploration. The ex- 
periments involved pulses of 1 psec duration, 
with a rise time of the order of 0.1-0.2 psec. 
Estimates of the time of contraction, using the 
theoretical results of Leontovich and Osovets" 
for a gaseous plasma, yield about 0.01 psec. 
This treatment ignores collisions, and thus gives 
a lower limit for this time. A simple estimate 
which includes the effects of scattering yields 
about 0.1 psec for the crystal used. This time 
is much longer in InAs, and somewhat longer 
(because of the lower hole mobility) in the p-type 
InSb used in previous work.” It may be for this 
reason that similar effects were not observed at 
currents of 100 amperes in InAs,** or the p-type 
InSb. In both of these materials the J-V curve 
was much steeper than that observed in n-type 
InSb in the absence of a longitudinal magnetic 
field, in agreement with the expectation that no 
pinching occurred during those observations. 

The period of quasi-stability of the pinch must 
have been at least of the order of 1 psec, since 
there was no sign of changing currents during 








VoLU: 


the pt 
oscill 
tions 

above 


lavlish 
{transl 
5Butt 


A bar 
number 
tion anc 
wurtzit 
valence 
the ext 
The p-l 
field an 
Using t! 
may be 
associa 
may be 
polariz: 
with us 
of the e 
since ot 
group p 
concern 
Ihterm 
Fig. 1, 
symmet 
ments i 
The upp 
fT, is 
edge lur 
pendicu: 

This n 
spectra 





es 


st 





VoLUME 2, NUMBER 11 


PHYSICAL REVIEW 


LETTERS JUNE 1, 1959 








the pulse. It should be noted that the observing 
oscilloscope would not have noted any oscilla- 
tions in the current or voltage at frequencies 
above several megacycles per second. 

We should like to thank M. A. Lampert and Dr. 
L. 8. Nergaard for many helpful discussions of 
plasma effects in solids. 
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MULTIPLET STRUCTURE OF EXCITONS IN Cds* 


R. G. Wheeler 
Sloane Physics Laboratory, Yale University, New Haven, Connecticut 
(Received May 8, 1959) 


A band model has been proposed recently by a 
number of authors’>? to explain the optical reflec- 
tion and luminescence excitation spectra of CdS,°»* 
wurtzite structure. The model assumes a p-like 
valence band and an s-like conduction band with 
the extrema at k =(0,0,0), in the reduced zone. 

The p-like valence band is split by the crystal- 
field and spin-orbit effects into three bands. 

Using these assumptions, optical selection rules 
may be derived from the symmetry properties 
associated with the bands. The individual bands 
may be tentatively assigned by interpreting the 
polarization effects observed in the experiments 
with use of the selection rules. The assignment 
of the extrema to be at k =(0,0,0) is not unique 
since other symmetry points of the zone have 
group properties, as far as the selection rules are 
concerned, isomorphic with those at k = (0,0,0). 
Interms of the model, the extrema at k =(0,0,0), 
Fig. 1, indicate the energy splittings and the 
symmetry assignments as deduced from experi- 
ments in this laboratory® as well as elsewhere.*»* 
The upper valence band symmetry assignment 

of T, is indicated by the fact that at 4.2°K the 

edge luminescence is completely polarized per - 
pendicular to the c axis. 

This note is to report on the line absorption 
spectra near the absorption edge of CdS single 


crystals at 4.2°K and on the possible interpreta- 
tion using this model. The absorption spectra 
were taken of single crystal platelets grown by 
the vapor phase sublimation method. The sam- 
ples used were free of visible streaking often 
observed in platelets of this material. Further, 
the samples were not subject to any kind of sur- 
face preparation, such as polishing, etching, or 
cleavage. Since the c axis of the crystal lay in 
the plane of the platelet, orientation was easily 
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and the possible exciton levels when spin-spin inter- 
actions are included. 


463 





VoLuME 2, NUMBER II 


PHYSICAL REVIEW 


LETTERS 


JUNE 1, 1959 





accomplished by using light incident normal to 
the plane of the platelet, whereupon the location 
of the c axis was obtained using the birefringent 
property of hexagonal crystals. The crystal 
thicknesses were determined either with a micro- 
scope or by interference patterns. 

The spectrograph used to observe the spectra 
was a large Hilger Littrow mounting with glass 
optics, providing a dispersion of about 9 A/mm, 
with a resolution for emission lines of about 0.4 A. 

In considering these spectra, as pointed out by 
Gross,° some lines are variable from crystal to 
crystal, especially if individual crystals are sub- 
jected to surface deterioration or prolonged heat 
treatment. Thus, if one considers only the indi- 
cated lines of Fig. 2 (numbered 1-5) which appear 
in all spectra, or are not present due to progres- 
sion to thinner samples, one observes 5 sharp 
lines in the region between 4890 A and 4850 A. 

One may arrive at a possible interpretation of 
these lines by considering them all as possible 
ground-state excitons originating from the I, 
valence level. Initially, consider the valence 
band split by the crystal field into the twofold 
degenerate I, band and the nondegenerate I, 
band. Assuming the conduction band has a I, 
symmetry, any excitons formed of the two states 
have the symmetry of the direct product of the 
valence and conduction band symmetries. This 
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FIG. 2. Wavelengths (in air) of the line absorption 
spectra for six crystals of different thicknesses at 
4.2°K. Also indicated are the respective polarizations 
of the light relative to the hexagonal axis, the positions 
of the start of the continuous absorption for each crystal, 
and the approximate location of the band to band transi- 
tion wavelengths. The graph has been constructed to 
show the line width; the varying amplitudes are only to 
be considered relative to other lines observed in the 
same crystal. 
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means, of course, that the symmetry of the ex- 
citon band will be [,. Now suppose we include 
spin-spin interaction between the hole and the 
electron making up the exciton. This means that 
we generate triplet and singlet states by forming 
the direct product of I’, with D, (singlet) and D, 
(triplet). Here in the irreducible representations 
of the hexagonal group C,,,,”** D, transforms as 
r,, and D, transforms as [',+I,. Thus we are 
led to the levels indicated in Fig. 1. As has been 
pointed out by Overhauser,® if the spin-orbit split- 
ting of such a p-like valence band is of the same 
magnitude as the exciton Coulomb and exchange 
energies, the selection rules prohibiting transi- 
tions to “triplet” states are relaxed. In fact, the 
transition probabilities may be significant. Thus 
we should like to suggest that the five indicated 
lines should be ascribed to the ground states of 
different terms in the exciton spectra. This 
interpretation may be further borne out by the 
Zeeman splitting of CdS lines indicated in photo- 
graphs published by Gross.* The degeneracies, 
indicated in Fig. 2, of the exciton levels show 
that upon splitting by a magnetic field, the lines 
will either be split into only two components or 
not at all. Although Gross’s photograph indicates 
that the line at 4857 A is split into two components, 
unfortunately his plate does not cover the neces- 
sary spectral range nor is the magnetic field 
orientation and polarization of the light given. 
Thus, due to the group-theoretical selection rules, 
an unequivocal interpretation cannot be made with 
relation to the magnetic line splittings observed 
by Gross. 

The lines at wavelengths shorter than 4840 A 
probably are exciton levels due to transitions 
from the I’, valence band. In this case the ob- 
served lines probably do not involve triplets be- 
cause of the absence of the spin-orbit mechanism 
to relax the optical selection rules. More probably 
the lines are analogous to the hydrogenic excitons 
observed in Cu,O, deviations from the Balmer- 
like spectra due to nonspherical energy bands.” 

It is a pleasure to thank Dr. P. B. Dorain and 
Dr. J. L. Birman for helpful discussions as well 
as Dr. D. C. Reynolds for the supply of crystals. 
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FERRIMAGNETIC RESONANCE LINE WIDTHS AND g-FACTORS IN FERRITES 


Robert L. White 
Hughes Research Laboratories, Culver City, California 
(Received May 7, 1959) 


A theory of resonance g-factors’ and line widths’ 
for the rare earth garnets which gives reasonable 
agreement with all available experimental data 
has recently been developed by Kittel, Portis, 
and de Gennes. The purpose of this Letter is to 
extend the above theory to other magnetic sys- 
tems, in particular the spinel-type ferrites. 

The KPdeG theory hinges on the demonstration 
that (1) a lattice of ions (the rare earths) exhibit- 
ing a relaxation frequency high compared to all 
other frequencies involved in the motion will con- 
tribute a precessing magnetization to the system 
but essentially no coherently precessing angular 
momentum, and (2) an ion of very high relaxation 
frequency, exchange-coupled to a precessing low- 
loss magnetic system, will effectively scatter 
energy out of a uniform precession and into short- 
er spin waves. 

The extension of the theory rests upon two fur - 
ther observations: (1) that the rapidly relaxing 
ions need not be sequestered onto a distinct sub- 
lattice to exhibit the properties cited above, and 
(2) that certain ions of very short relaxation time 
do indeed commonly occur in ferrites. 

Any of the transition elements whose lowest 
lying state in an octahedrally or tetrahedrally 
coordinated site of cubic symmetry is not an or- 
bital singlet is a candidate for the role played by 
the rare earth ions in the rare earth garnets. In 
particular, Fe?*+, Co?*, and Mn°* in octahedrally 
coordinated sites and Fe**, Ni**, or Mn** in 
tetrahedrally coordinated sites will possess such 
energy levels, since these ions will then have 
ground states which are orbital doublets or trip- 
lets split only by spin-orbit interaction or crystal 
field components of lower symmetry. Fe**, most 
likely the principal source of line width in fer- 
rites generally, has been observed in the para- 


magnetic state® to have a short relaxation time 
T, even at reduced temperatures (7, =5x10~° sec 
at 20°K, T,=10~" sec at 80°K). As pointed out 
by KPdeG, the relaxation time 7, is theoretically 
inversely proportional* to H? and may be further 
greatly shortened by the enhancement of the ap- 
plied field by the exchange fields; i.e., T, may 
be several orders of magnitude shorter in the 
ferrites than in a diamagnetic host. 

Several general features of the available data 
on ferrites tend to confirm the hypothesis that 
the KPdeG relaxation process is a dominant one 
in these materials: 

1. Magnetite, Fe,O,, which certainly contains 
Fe** ions, shows a very wide (2000-3000 gauss) 
resonance line. 

2. Yttrium iron garnet, which should contain 
exclusively Fe** ions (ground state, orbital sing- 
let) and essentially no Fe?* ions, shows exceed- 
ingly narrow (AH < 0.5 gauss) resonance lines. 

3. A maximum in line width as a function of 
temperature is observed in iron-rich manganese 
and manganese-zinc ferrites. This maximum is 
characteristic of motionally narrowed resonances 
and is expected in this case when the relaxation 
frequency of the spin scattering ion becomes com- 
mensurate with the precession frequency of the 
system. 

4, The addition of small amounts of Zn**, un- 
ambiguously divalent, to iron-rich manganese 
ferrite greatly reduces the observed resonance 
line width. It is suggested that divalent zinc re- 
duces the concentration of divalent iron. 

5. A high degree of correlation exists between 
large magnetic anisotropy and large resonance 
line widths (single crystal) in the ferrites. In the 
present theory the same low-lying energy levels 
which give rise to magnetic anisotropy® tend to 
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give rise also to short relaxation times, and the 
correlation is expected. 

It is also possible that the resonance g-factors 
observed in the ferrites can be understood on the 
basis of the momentum-quenched ions. If, for 
instance, the Fe?* ions occur preponderantly on 
the octahedral sites, the quenching of their angu- 
lar momentum will cause the net effective g- 
factor to be raised, in accord with the experi- 
mental observation that the g-factors for the fer- 
rites are usually somewhat greater than one would 
expect. It is probable, however, that the above 
argument on the g-factors should for the present 
be regarded with some suspicion inasmuch as ad 
hoc assumptions concerning ion distributions are 
being invoked. 

The author is indebted to his colleagues and 


especially to C. Kittel for discussions illumina- 
ting the subject of magnetic relaxation, and to 
C. Kittel, A. M. Portis, and P. G. de Gennes for 
making available the results of their theory prior 
to publication. 
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INTERACTIONS OF 1.15-Bev/c K” MESONS IN EMULSION™ 


Walter H. Barkas, Nripendra N. Biswas, Donald A. DeLise, John N. Dyer, 
Harry H. Heckman, and Francis M. Smith 
Lawrence Radiation Laboratory, University of California, Berkeley, California 
(Received May 13, 1959) 


We have exposed a large stack of Ilford K.5 
emulsion to the 1.15-Bev/c separated K~ beam 
developed by Good and Ticho.' By area scanning 
we have located some 600 interactions with emul- 
sion nuclei. This report deals with two groups 
of data: (A) an unbiased sample of 102 interac- 
tions, and (B) a selected group of interactions 
which produced more than one prong near the 
minimum of ionization or which gave evidence of 
strange-particle production in the plate in which 
the event was located. 

The results of this study are as follows: (a) 
clear evidence for the reactions K"+N~+-1+7+Y 
and K +N~-K +N+2+17; (b) evidence for the 
reaction K-+N+N~Y+Y+K° or K +N+= +K° 
followed by => +N-Y+Y; (c) a possible case 
of a “cascade hyperfragment,” that is, one which 
contains two units of negative strangeness; (d) 


no cascade particle or K* meson was definitely 
identified. 

(A) Analysis of an unbiased sample of 102 stars 
The interactions studied in this portion of our 
analysis include all of the events located ina 
Single pellicle. Based upon the relative popula- 
tions of K:m:y in the beam as estimated by 
Alvarez et al.,' we estimate that 93 % of these 
stars were produced by K~ mesons. 

In Table I we summarize the salient features 
of this analysis. 

All the particles produced in these interactions 
were followed until they came to rest (594), or 
interacted, decayed, or left the emulsion stack 
(74). In only a few cases were the tracks not 
suitably oriented for analysis. 

It is recognized that area scanning could bias 
our prong distribution toward large stars. The 





Table I. Summary of analysis of 102 stars. 





Prong 


distribution Distribution of reaction products 





Bev/c Mean Mode H.F. =* 


2x in * (K )inelastic Stable 1°/n” 


1.15 6.5 5 7 25 7 35 49 3 584 9/19 
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observed distribution extended to 15 prongs 

(1 event) and reached a maximum at 5 prongs 

(17 events). Only 3 stars of 2 prongs were found, 
which leads us to believe that 0- and 1-prong 
stars are probably rare. The shape of the dis- 
tribution implies that the scanning bias may be 
slight. - 

Of the 7 hyperfragments (H.F.), four have suf- 
ficient range (> 10 y) to be clearly separated 
from the K~ star; the others have ranges less 
than 2 up. Six are nonmesonic decays, but one of 
the very short hyperfragments is a possible 
mesonic decay. All of the hyperfragments ob- 
served are produced in stars with eight or more 
prongs, and of the four largest stars (12 to 15 
prongs), three give rise to hyperfragments. 

The energy distribution of the charged © hy- 
perons is shown in Fig. 1. A total of 25 prongs 
were identified as © particles by their subsequent 
decay in flight or by their interaction, either in 
flight or at rest. There was no clear case of a 
decay at rest. We have not as yet followed the 
secondaries from the © decays in flight, and thus 
no reliable estimate of the =*+/Z~ ratio can be 
given. No estimates have been made of the num- 
ber of > hyperons missed among 0-prong =~ in- 
teractions at rest nor among £* decays in flight 
via [+ ~p+7°, which may have been interpreted 
as small-angle proton scattering events. 

Combining the numbers of hyperfragments and 
charged = hyperons, we find that about one-third 
of the stars yield visible negative strangeness. 

We have observed seven interactions that lead 
todouble-pion emission. In this sample of stars, 
no event was found in which both pions came to 
rest. However, one of the pair came to rest in 
six cases, and in all cases the accompanying 
pions were clearly identified by differential grain 
counting. A charged 2 hyperon was also pro- 
duced in two examples exhibiting double-pion 
emission. 
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FIG. 1. Observed energy distribution of the charged 
i hyperons based upon an unbiased sample of 102 in- 
teractions. 


There were 35 events in which a single charged 
pion was emitted; of these, 13 were accompanied 
by a charged hyperon. 

A total of 19 7” and 9 7* mesons emitted from 
stars came to rest in the emulsion. Figure 2 
presents the energy distribution of all the emitted 
pions. The general form of the distribution is a 
broad peak of the energies between 10 and 70 Mev, 
with a high-energy tail extending to about 700 Mev. 
The low-energy portion of the distribution can be 
attributed to the effects of multiple collisions of 
the pions within the nucleus before emission and 
to the general reduction of energy due to multiple 
pion production. 

Three cases of K~ re-emission were observed. 
In each instance the kinetic energy was greater 
than 250 Mev, and none of these K mesons came 
to rest. The high energy of the K particles, to- 
gether with the fact that there was no evidence 
for associated production, makes it unlikely that 
any of these particles were K* mesons. 

(B) Analysis of selected events.—- From those 
events selected according to criteria for Group (B) 
as described above, we have chosen 52 events 
which actually produced evidence of strange- 
particle production for this section. None of the 
events which comprise Group (A) are included 
in this analysis. The reasons for employing 
these criteria for the selection of events were 
to search more effectively for cascade particles, 
or evidence for them, and to place upon a firmer 
basis the reactions (a) and (b) that were observed 
or indicated in Group (A). 

The results of these analyses are summarized 
in Table II. 

Double-pion production [reaction (1)] was ob- 
served in 7 stars. In three of these, both pions 
were brought to rest. Two negative pions stopped 
in two of these cases ([*++2m~), and pions of op- 
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FIG. 2. Observed distribution of kinetic energies 
for the emitted charged pions. Charge is assigned for 
pions that came to rest in emulsion. 
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Table Il. Summary of data on selected stars from which strange particles emerge. 
A . at Cascade 
Type H.F.,0” H.F.,1n H.F.,2” 2,07 <£,1mn 2,2" K ,On K ,1n K ,2x 22 2H.F. HLF, 
Number 11 6 0 11 6 1 3 1 4 1 1 
Average stable 
prongs 6.4 6.9 eee 4.9 3.3 3.2 4 2.0 2 3.75 3 6 





posite charge stopped in the other ([~ +27 +72*). 
The pions were associated with > hyperons 

(35*, 25°, 1D*) in six events and with a re- 
emitted K~ in one event. No event in which three 
or more charged pions were emitted was detected. 

Five events were found that indicated produc- 
tion of two hyperons. Only one case was definite. 
In this case two prongs were hyperfragments, 
one undergoing mesonic decay and the other form- 
ing a two-prong star. In the less-well-defined 
events, all of the interactions emitted one = hy- 
peron that was identified by its decay. In each 
instance, however, an additional prong inter - 
acted, either in flight or at rest, in such a man- 
ner as to indicate strongly that it was a = parti- 
cle. 

Only one K~ interaction displayed the necessary 
features for the emission of a cascade hyperfrag- 
ment. (The absorption of a cascade particle in 
a nucleus is expected to yield two lambda hyperons 
of relatively low energy.) The event appears as 
a triple-centered star. The prongs are but sev- 
eral microns long and their identification was not 
possible. Although this event fits the criteria 
for a cascade hyperfragment as described above, 


an equally valid interpretation would be the forma- 
tion of a hyperfragment by a slow =~ hyperon. 

Inelastically scattered K” mesons accompanied 
by 0, 1, and 2 pions were seen. The K’ particles 
were identified by their characteristic interac- 
tions (4 at rest, 1 in flight). The energy distri- 
bution of the re-emitted K~ mesons varied from 
6 to 270 Mev. Despite the bias of our selection 
criteria, it appears significant that pions are so 
frequently produced in association with inelastic 
scattering. It also accounts for the broad energy 
spectrum of the scattered K~ mesons, which 
otherwise could be understood only by assump- 
tion of multiple collisions within the nucleus. 

We wish to acknowledge the assistance afforded 
us during the emulsion exposure by Dr. Myron 
Good and Professor Harold K. Ticho. Our grcup 
of scanning technicians must be given recogni- 
tion for their rapid and highly efficient work that 
contributed much to this study. 





"This work was done under the auspices of the U. §, 
Atomic Energy Commission. 

‘Alvarez, Eberhard, Good, Graziano, Ticho, and 
Wojcicki, Phys. Rev. Lett. 2, 215 (1959). 





A° AND £° PRODUCTION FROM THE (2~,d) SYSTEM* 


T. B. Day, G. A. Snow, and J. Sucher 
Department of Physics, University of Maryland, College Park, Maryland 
(Received May 14, 1959) 


Recently a measurement has been reported on 
the A°, =° branching ratio from the absorption of 
= hyperons in deuterium.’ The result, based 
on 51 events, is 


wo(D)/[w,o(D) + w , 9(D)]=0.14 + 0.06, (1) 


where wy(D) is the transition probability for the 
reaction 


LD +d-Y+ne+n. (2) 





The corresponding result for =~ absorption in 
hydrogen is? 


w oH) /[w, o(H) + oH )= 0.33 + 0.05. (3) 


The purpose of this note is to inquire whether 
the results given in Eqs. (1) and (3) can be qual- 
itatively understood within the framework of the 
simple impulse approximation. In this approxi- 
mation the £ is pictured as interacting only 
with the proton, and the effect of the neutron’s 
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presence is ignored. In the (K ,d) reaction,* 
the neutron has been shown‘ to enhance the A° 
mode via the two-step process 


K> +d-=*+4n+0°-A°+pan. (4) 


The question might be raised as to whether a 
similar two-step process may be involved in 
accounting for the lower ratio of Eq. (1) as com- 
pared to Eq. (3). 

We would like to point out that the result given 
in Eq. (1) does not constitute evidence for the 
enhancement of A° production relative to D° in 
deuterium. In fact, as will be seen below, the 
simplest assumptions imply just the reverse 
conclusion, namely, an enhancement of =° pro- 
duction. 

We assume, for simplicity, that (i) the reac- 
tion of Eq. (2) takes place from the 1S orbit of 
the (£[_,d) system, (ii) the parity of both £° and 
A° relative to = is even, and (iii) final-state 
interactions can be neglected so that the final 
two-neutron wave function can be taken to be an 
antisymmetrized plane wave. 

The most general s-wave interaction transition 
operator for the = reaction in hydrogen may 
then be written, for £° production, 


“Ss .. (5) 


t= dol so stn pt 50, 5" n, p 


For A° production, the constants a,, a, are re- 
placed by constants 5, and b,. The subscripts 
in Eq. (5) denote the particle spin-wave functions 
between which the unit operator, 1, or spin op- 
erator, 0, acts. 

Using Eq. (5), we find’ 


w 5o(D) /w 9H) = J50- g (6) 


>? J50' > 
and 
w ,o(D)/w , oH) =F, 0 - E07 A°. ’ (7) 
where 
§0= (Iq l*+1a, 1?)/(1 ay 1?+3 Ja, |?), (8) 


and £,0 is similarly defined in terms of }, and 
b,. The quantities Jy and Jy’ are obtained by 
tumerical integration. We find 


TJyo= 3-14, J," = 0.976. (9) 


J59 and Jo’ are quite sensitive to the Q value of 
the reaction of Eq. (2), and hence to the mass 

difference, AM =Ms--Myso- Therefore we have 
evaluated these integrals for two choices of 4M, 


and get 
J50= 0.585, J50' =0.534, (A4M=6.0 Mev),® (10) 


and 


J50=0.164, J50' =0.161, (4M =4.45 Mev).? (11). 
Values of the ratios in Eqs. (6) and (7) are 

listed in Table I for some simple choices of the 

parameters a), a,, 5,, b,. In this table, the first 








Table I. Deuterium to hydrogen hyperon-production 
ratios. 
Ay: 54D) /ws0(H) bg: 5, w,0(D)/w,%H) 

Am*=6.0 Am=4.45 

1:0 0.051 0.003 1:0 2.16 

0:1 0.407 0.110 0:1 2.82 

$:4 0.318 0.084 3:3 2.65 

3.1 3,1 

Zi-z (0 140 0.030 373 2.33 





2am =m,,--mM>y0 in Mev. 


and second lines correspond to minimum and 
maximum values, respectively, for these ratios. 
The third and fourth lines correspond, respect- 
ively, to 


tw 10 pla se, (12) 
and 
tm Ore 5°, 5 >, (13) 


as a consequence of the identities 


1 1 1 +4006 ~-°0. ,, (14) 


a 
=° p's- 27? 72° n,p* >°,r° n,p 


and 


=31 (15) 


a. > wi > aan 
5°, pe n= Bae, oo np 259, on, 

In order to compare with experiment, we com- 
pute 


w ,0(D)/w,9(D) = [w , o(D)/w , o(#)] 
x [w..o(D)/w, o(H) }* [eo , 0(8) /0 , o(H) L (1 6) 


where w 0H) /ws o(H) is obtained from the ex- 
perimental value given in Eq. (3). Table II lists 
the ratio w Ao(D)/wso0(D) for three choices of the 
parameters. 

The value 10.8 for w Ao(D)/wso(D), given in 
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Table II. A° to 2° production ratios in deuterium. 





—__———___ 


useful conversation. 








(ay : @;) (bg : by) W ,(D)/w5,0(D) 
Am =6.0 Am = 4, 45 
1:0 1:0 86.0 1460 
0:1 0:1 14.1 52.0 
0:1 1:0 10.8 39.9 
Experiment 6.2433 





Table I, is the absolute minimum value for this 
ratio with the basic assumption of s-wave inter- 
action, and the assumptions (i)- (iii) listed above. 
It is clear from Table II that if the (£~,£°) mass 
difference is as small as 4.45 Mev, it is impos- 
sible to obtain a value for w,0(D)/wso0(D) within 
the experimental range. It may also be seen that 
for either value of AM, the smallest (A°/Z°) 
ratios are obtained when the £° production tran- 
sition operator is of the form oz0, 5-"on, p. Since 
the minimum theoretical value of the (A°/Z°) 
ratio is still high compared to the experimental 
result, there is no need to invoke an appreciable 
amount of a two-step process which would en- 
hance the A° production in deuterium. 

There are two important ways in which the 
above results may be modified. One modification 
will arise from including the effect of final-state 
interactions in the (2°, mn) system.*»® The other 
modification would be present if, as may very 
well be the case, an appreciable number of =~ 
captures in hydrogen were to take place from P 
orbits. In that case, there would no longer be a 
simple connection between the £ capture events 
in hydrogen and deuterium. 

We would like to thank Dr. G. Feinberg for a 





“This research was supported in part by the U. S, 
Atomic Energy Commission and by the U. S. Air Force 
through the Air Force Office of Scientific Research of 
the Air Research and Development Command. 

‘Horwitz, Miller, and Murray, Bull. Am. Phys. Soc. 
Ser. Il, 4, 298 (1959). 

A. H. Rosenfeld, Bull. Am. Phys. Soc. Ser. I, 3, 
363 (1959). 

SHorwitz, Miller, Murray, Schwartz, and Taft, Bull, 
Am. Phys. Soc. Ser. Il, 3, 377 (1958). 

‘R. Karplus and L. Rodberg, Bull. Am. Phys. Soc, 
Ser. II, 4, 38 (1959). 

‘The method of calculation is exactly similar to the 
one in reference 7 for the reaction K~ +d—-K*+ 2n, 
except that the capture from a bound state simplifies 
the integrations. (In particular, the B-dependent terms 
which arise from the Hulthén wave-function for the 
deuteron, are neglected, since 8 ~6.2a@.) Similar cal- 
culations have been done for 7~ +d reactions. See, e.g, 
Fernbach, Green, and Watson, Phys. Rev. 84, 1084 
(1951). 

6M. L. Stevenson, Phys. Rev. 111, 1707 (1958). 

"Day, Snow, and Sucher, Nuovo cimento (to be pub- 
lished). 

®The final-state interaction in the (A°,mm) system is 
expected to be small, since a closure calculation’ of 
W,0(D)/w,0(H) gives 3.02 for the choice by: b,=1:0. 
However, since the energy available to the (£°,nm) sys- 
tem is so much smaller, the transition probability in 
this case should be much more sensitive to final-state 
interactions. In face, a closure calculation in the case 
Am = 4.45 Mev and @:@;=0:1 gives Ws0 (D)/wyo(H) 
=1.33. Using this value in Eq. (16) gives w,0(D)/wy(D) 
=3.24. This result, while presumably a gross under- 
estimate, indicates the probable importance of final- 
state interaction. 

‘If one assumes that the 2° and =~ have opposite pari- 
ties, a crude estimate for the case Am =6.0 Mev indi- 
cates that the minimum ratio of A°® to 2° production in 
deuterium will not be altered appreciably. 














repe 
0.37 
whic 
asst 
expe 
the | 
wer 


Sinc 
TM) > 

addi 
sinc 


clud 
whil 
to di 
here 
for 1 
dem 
grou 
Accc 
men 
hydr 


mea 





se 


o(D) 


ri- 
i- 





VoLUME 2, NUMBER 11 


PHYSICAL REVIEW LETTERS 


June 1, 1959 








MEASUREMENT OF THE n° MASS, AND SEARCH FOR A 1°" 


M. Gettner, L. Holloway, D. Kraus, K. Lande, E. Leboy, and W. Selove 
Department of Physics, University of Pennsylvania, Philadelphia, Pennsylvania 


and 


R. Siegel 
Department of Physics, Carnegie Institute of Technology, Pittsburgh, Pennsylvania 
(Received April 29, 1959) 


Although the mass of the 7° meson has been 
reported’ measured with an accuracy of about 
0.3m, (electron masses), the experiments on 
which this result is based were analyzed on the 
assumption that only a single n° exists, and these 
experiments could in fact have failed to detect 
the existence of two different 7° mesons if two 
were produced in the reaction studied, 


oe, (1) 


2y. 

Since the “existence” of a second neutral meson 
1.°, With isotopic spin T=0, may be expected in 
addition to the ordinary 7° meson (T =1), and 
since the possibility that the masses of 7,° and 
7 might be relatively close does not appear ex- 
cluded by present knowledge,” it appears worth- 
while to carry out a more direct measurement 
to determine the mass or masses. We report 
here the results of a preliminary experiment 
for this purpose. This work gives the first direct 
demonstration, to our knowledge, of a neutron 
group corresponding to a well-defined 1° mass. 
Accompanying this result is a direct measure- 
ment of a lower limit on the lifetime of this meson. 

7” mesons were stopped in a thin (2 cm) liquid 
hydrogen target, and the neutrons produced were 
measured by time of flight, with an arrangement 
indicated in Fig. 1. A “zero-time” signal from 
the y-detector was demanded for each neutron- 
detector signal recorded; the y-detector signal 
was further required to be in close time coinci- 


T 


' 
Pb 
y Detector 
FIG 


. 1. Experimental arrangements. 


ei2"— 





Neutron 
Detector 


dence (within about 10 nanoseconds = 10 x10~ sec), 
with an incoming particle in the 7~ beam. 

Peaks in the time-of-flight distribution were 
observed corresponding to the two types of re- 
action khown to occur for 7” mesons stopped in 
hydrogen, namely reaction (1) above and 


™ +p—-n+y. (2) 


Another group was observed near zero flight 
time. Such a group is expected for n° — 2) events 
in which the “neutron” detector responds to one 
of the y rays. The “zero-flight-time” group also 
includes some background events, coming from 
neutron stars produced by 1” capture in the 
hydrogen target structure. 

The time-of-flight distribution for a neutron 
detector distance of 3 feet is shown in Fig. 2. 
The zero of the abscissa scale is determined by 
electronic time delays in various legs of the re- 
cording system. The group at Af =59 is the 
“zero-flight-time” group, and that at At =78 is 
the 8.8-Mev group from reaction (2) above. The 
intrinsic time resolution of the system, measured 
separately, was about 2 nanoseconds (full width 
at half-maximum). The position of y-y events 
(and consequently the position of true zero time 
of flight) in the group at At =59 can be narrowed 
down by making use of pulse-height information 
from the neutron detector. From the data of 
Fig. 2, the energy of the 8.8-Mev group is found 
to agree with the value calculated from the known 
masses of 7, neutron, and proton, to an accur- 
acy corresponding to about 1 nanosecond of flight 
time. 

A group of neutrons of approximately 0.4 Mev 
energy is expected from reaction (1). As cal- 
culated from the previously reported calculated 
best value for the mass difference’ 


Mm --M 0 =(9.0+0.3)m, . (3) 
this group should occur at approximately the 
position of the arrow in Fig. 2. No group near 
this position showed clearly in these data. It 
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FIG, 2. Time-of-flight distribution for a neutron detector flight path of 3 feet. Number of events 
per 1-nanosecond (ns) interval is plotted against time difference between y-detector and neutron-de- 
tector signals. Neutron-detector signals of all sizes are included. 


could be expected that the effective background 
intensity contributing in Fig. 2 could be reduced 
by accepting only those neutron-detector pulses 
meeting an appropriate pulse-height requirement, 
but even so no clear group could be identified in 
the data. 

Further data were taken with a shorter flight 
path, two feet, to reduce background. The result 
of this run, in the vicinity of the expected group, 
and with an appropriate choice as to maximum 
acceptable pulse height for the neutron-detector 
signal, are shown in Fig. 3(a). Here a group 
shows clearly, at about 32 nanoseconds /foot, 
near the expected position. 

The 2-foot data of Fig. 3(a) and the 3-foot data 
of Fig. 2, combined (using the same value for 
the maximum acceptable pulse height), give the 
results in Fig. 3(b). The principal peak cor- 


responds to a mass difference 


m_--m_.=(9.6 £0.5)me. (4) 


The uncertainty given is due principally to (esti- 
mated) uncertainty in the exact position of true 
zero on the time-of-flight scale. 

The result (4) is consistent with the previous 
best value (3). The existence of a 7° meson with 
approximately the mass previously assigned to 
it is thus directly verified. 

Although the existence of a second neutral 7 
meson, the 7,°, with mass near that of the 7°, 
cannot be strongly expected on the basis of pre- 
vious knowledge, the data of Fig. 3 do not exclude 
the existence of such a 7,° with high confidence. 
The bump in the vicinity of 40 nanoseconds /foot, 
although of obviously poor statistical significance, 





w (a) 
agate Tt era oD] mapthg o 








T _ 
45 50 55 60 65 
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FIG. 3. (a) Data for neutron detector flight path of 2 feet. The abscissas give time differ- 
ence (per foot) with respect to y-y signals. A neutron-detector-signal maximum pulse-height 
limit was imposed corresponding to neutrons of about 0.5-Mev energy. (b) Distribution con- 
sisting of (a) added to those events from the data of Fig. 2 satisfying the pulse-height criterion 


used in (a). 
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nevertheless consists principally of a group of 
events having neutron-detector pulse height ap- 
propriate to a neutron group of this time-of- 
flight. (The corresponding mass of the “second 
7” would be about 1.3 Mev heavier than that cor- 
responding to the group at 32 nanoseconds /foot.) 
More refined measurements, which we hope to 
carry out, will be necessary to permit a more 
positive statement concerning a possible second 
group. 
With more refined measurements it should also 
be possible to obtain a check of the Panofsky ratio. 
Finally, the present results give directly a lower 
limit on the lifetime of the 7° meson. This value 
is obtained through the uncertainty principle 
I[tszh, where I is the energy width of the n° and 
7 is the mean life. The degree of sharpness of 
the 7° mass shown by the data gives 


7™>3x1077! sec. (5) 


This value is far below the value expected theo- 
retically.* It may be of some interest, however, 
since it is the first direct measurement giving a 
lower limit on the lifetime of the 7 meson. Other 
experimental information on the lifetime is dis- 
cussed, with references, in the report of Harris 


et al.,* which also gives an upper limit to the life- 
time. It is true, however, that other measure- 
ments exist which, although less direct than the 
present one, have been analyzed to give a lower 
limit of 10~** sec for the mean life.*** It may be 
remarked that extending the present approach to > 
the limit that at this time appears practical could 
be expected to cover the lifetime range up to 
107**-10 sec. 

We are extremely grateful to Dr. R. B. Sutton 
and to the staff of the Carnegie Institute of Tech- 
nology synchrocyclotron for making the facilities 
of the laboratory available to us and for their 
generous assistance in this work. 





” Supported by the U. S. Atomic Energy Commission. 
1Cohen, Crowe, and Dumond, Fundamental Con- 
stants of Physics (Interscience Publishers, New York, 

1957), p. 47. 

2W. Selove (to be published). 

3See M. L. Goldberger and S. B. Treiman, Nuovo 
cimento 9, 461 (1958). 

‘Harris, Orear, and Taylor, Phys. Rev. 106, 327 
(1957). 

51. Osborne (private communication). 

*F, E. Low (private communication). 








POLARIZATION OF RECOIL PROTONS FROM THE PHOTOPRODUCTION 
OF 7° MESONS FROM HYDROGEN* 


P. C. Stein 
Cornell University, Ithaca, New York 
(Received May 4, 1959) 


Sakurai’ has pointed out that Peierls” assign - 
ment of D,, for the second resonance in photopion 
production predicts a strong polarization of the 
recoil protons from the reaction y +p ~p+7° in 
the region of the second resonance. In particular, 
it can be shown that if an appreciable polariza- 
tion is found at a recoil proton angle of 90° in 
the center-of-mass system at photon energies 
in the region of about 600 Mev, the parity of the 
1700-Mev resonances must be opposite to the parity 
of the 300-Mev resonance. 

The polarization of the proton recoils has been 
measured at photon energies of 550 Mev and 700 
Mev at a center-of-mass angle of 90° by allowing 
the protons to be incident upon a carbon scatterer 
and observing the left-right asymmetry in the 
scattering. The apparatus is shown in Fig. 1. 

The photon beam from the Cornell electron syn- 
chrotron is incident upon a vacuum liquid-hydro- 





Left Telescope 
Right Telescope 
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y~Roy Beam 
\ Leod Shielding 
Cerenkov Counter 

FIG. 1. Experimental apparatus for measuring the 


recoil proton polarization in the reaction y+p-p+n°, 
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gen target. Protons at 40.5° in the laboratory 
are incident upon a carbon scatterer, and scatter- 
ings at 11.5° in the laboratory both to the left and 
right are measured. A totally absorbing lead 
glass Cerenkov counter is used to detect one of 
the decay photons from the 7°. All of the proton 
counters are plastic scintillation counters 4 in. 
wide by 16 in. long by 1 in. thick. The left and 
right telescopes each consist of two counters 
with brass absorbers between them. The two 
counters are run in coincidence, so that the ab- 
sorber determines the minimum energy of a 
scattered proton that can be counted. The max- 
imum energy of the detected proton is determined 
by the peak of the bremsstrahlung spectrum, 
which is kept at 150 Mev above the photon energy 
corresponding to the minimum energy proton that 
will count. The carbon scatterer subtends an 
angle of +2°, and the Cerenkov counter an angle 
of + 15° in the horizontal plane. The large angle 
subtended by the Cerenkov counter reduces the 
effect of a nonuniform irradiation of the carbon 
scatterer due to an energy-dependent change in 
the decay kinematics of the 7°. Scattered recoil 
protons were identified as events of the type 
[1(L) +2(L)+3+C] and [1(R)+2(R)+3+C]. Events 
of the type [1(L) +2(L) +3] and [1(R) +2(R) +3], 
which consisted mostly of scattered mesons, 
were also recorded. 

Biases on all the counters were set by alternately 
moving the left and right telescopes in line with 
the carbon scatterer and the hydrogen target, and 
thus counting unscattered protons. With the tele- 
scopes in the “in line” position, various kinematic 
checks were made to ensure that the coincidences 
counted were due to the reaction y+p—-p+7n°. Dur- 
ing the course of the experiment, the left and right 
telescopes were interchanged repeatedly. No sta- 
tistically significant difference was found between 
the responses of these two telescopes. 

Both telescopes as well as the carbon scatterer 
were rigidly mounted on an aluminum frame, and 
the frame was lined up with the hydrogen target 


optically. The difference between the left and 
right scattering angle was less than 0.1°. 

Runs taken with an empty hydrogen target gave 
intensities of a few percent of the ratio with a 
full target. 

The pulse height of each scattered proton in the 
first counter in the telescope was recorded, and 
the distributions agreed with the pulse-height 
spectra taken with the telescope in the “in line” 
position. 

The polarization of the recoil protons was cal- 
culated from the experimental data by means of a 
Monte Carlo calculation. The data of Haffner® on 
the polarization of elastically scattered protons 
from carbon at 220 Mev were used for the anal- 
ysis of the 700-Mev point, and those of Alphonse‘ 
at 155 Mev for the 550-Mev point. In order to 


interpolate to energies near those measured points, 


it was assumed that the polarization in scattering 
was a function only of the momentum transfer. 
The effects of inelastic scattering were calculated 
from the cross sections of Tyrén and Maris® and 
the polarization data of Bradner and Donaldson.* 
The Monte Carlo calculation was performed both 
including and neglecting the effect of inelastic 
scattering. The calculated polarization of the 
recoil proton from 7° production differed in the 
two cases by 0.04. The calculation was performed 
twice. In one case, a proton polarization of -1.00 
was assumed and in the other, a polarization of 
zero was assumed. The results of both calcula- 
tions, in terms of the relative probabilities for a 
left and right scattering, are shown in Table I. 
Since these relative probabilities are a linear 
function of the polarization of the incoming pro- 
tons, we are able to compute the polarization from 
the experimental asymmetry. 

At the 550-Mev point, 116 left counts and 90 
right counts were observed; at the 700-Mev 
point, 530 left counts and 280 right counts were 
observed. 

Since mesons, having a spin of 0, cannot have 
any left-right scattering asymmetry, a compari- 


Table I. Results of the Monte Carlo calculation. The last column shows the value of the polarization calculated 


from the experimental asymmetry. 





Relative probability Relative probability Relative probability Relative probability Polarization of 





for a left count for a right count for a left count for a right count recoil protons 
P=-1 P=-1 P=0 P=0 from 
(arbitrary units) (arbitrary units) (arbitrary units) (arbitrary units) yt+p—ptr 
700 Mev 84 382 217 238 0.59 + 0.06 
550 Mev 76 281 166 181 0.30 + 0.12 
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son of the two coincidence rates without the 
Cerenkov counter requirement serves as a check 
of the equipment. After correcting for the back- 
ground rates and subtracting out the true proton 
coincidences, there was no statistically signifi- 
cant difference in the [1(L) +2(L) +3] and [1(R) 
+2(R) +3] rates. ; 

In Table I are shown the values of the polariza- 
tion of the recoil protons from 7° production com- 
puted from the experimental data as well as the 
results of the Monte Carlo calculations. The 
sign of the polarization is in the direction of 
K, xK , where K, is the photon momentum and 
Kp the recoil proton momentum. 

Additional evidence for the polarization at the 
550-Mev point is provided by a nuclear emulsion 
experiment.’ Preliminary results give a most 
likely value of P=+0.3. 

The large value of the polarization at 700 Mev 
indicates strongly that the parity of the second 
resonance is opposite to the parity of the 300- 


Mev resonance, i.e., negative. The sign of the 
polarization is as predicted.* The fact that the 
polarization is greater at 700 Mev indicates that 
the contributions of the two resonances are more 
nearly equal at this energy than at 550 Mev. 
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MANY-CHANNEL UNITARITY CONDITION* 


Richard H. Capps 
Laboratory of Nuclear Studies, Cornell University, Ithaca, New York 
(Received May 4, 1959) 


Many useful relations concerning particle reac- 
tion problems are known to follow from the uni- 
tarity of the reaction matrix. For example, 
Watson has shown that if there are only two 
channels open, the requirements of unitarity and 
time-reversal invariance imply that the phase of 
the inelastic amplitude is equal to the sum of the 
phase shifts for the two elastic processes.’ It is 
the purpose of this note to derive a useful gener- 
alization of this theorem to the case when many 
channels are open, and to illustrate the general- 
ization by applying it to photoproduction of mes- 
ons at 600 Mev. 

We consider the reaction matrix in the center- 
of-mass system for a set of states of arbitrary 
numbers of particles, the states being connected 
by strong and electromagnetic interactions. We 
imagine the system to be enclosed in a large 
volume so that all quantum numbers are discrete; 
this assumption is made only for convenience and 
does not affect the final results. A representa- 
tion is chosen in which the total angular momen- 
tum, 2 component of angular momentum, and 
parity are diagonal. The reaction matrix T is 


defined in terms of the unitary S matrix by the 
equation iT =S -1, where 1 is the unit matrix. 
The diagonal elements of S are denoted by S,, 
= (1 -R,)exp(2i5,), where 5g is the real phase 
shift, and R,, the real absorption coefficient, 
satisfies the inequality 0<R,<1. 

We now define a new matrix V by the equation, 
iVog=Sag exp[- i(5, + 5g) ]. The requirement of 
time-reversal invariance implies that, with a 
suitable choice of phase relations between the 
states, the S matrix is symmetric,’i.e., Sqg=Sgq. 
It is easy to see that the symmetry and unitarity 
of S imply the symmetry and unitarity of V. The 
matrix V is simpler than S in that the diagonal 
elements of iV are real. If one equates the ab- 
solute square of both sides of the unitarity equa- 
tion 


2 r Re 
V.aVeg =- % Vig Veg > 
PH 16 Yap pa 18 Vop 


and makes use of the relations, Vyg=Vgq and 
iVaq=(1-Rq)”, the result may be written in 
the form 
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1-3(R,+Rq)-3(IDg>2Vig Vag" |?/IVia!*) 


(1 -R,)@ (1 -R,)” 2 
(1) 





cos(26,,) = 


where 6,, is the phase of V,,, i.e., V,,= IV,,/ 
x exp(ié,,). 

If only two channels are open, the sum over 8 
vanishes, and it is iurther required by unitarity 
that R,=R,. In this case Eq. (1) reduces to the 
form cos(26,,)=1. Since T,, = V,, exp[i(5, + 6,)], 
this is the familiar theorem’ that the phase of 
the inelastic amplitude 7,, is either (5, + 5,) or 
(5, + 5, +7). 

The phase of any one inelastic amplitude is, of 
course, not measurable. However, the results 
of angular distribution and polarization measure- 
ments depend upon the relative phases of the 
amplitudes for different angular momentum and 
parity states of a given set of final particles. 

The requirement of a symmetric T matrix im- 
plies a definite choice of phase relations between 
angular momentum states.* Hence the unitarity 
condition allows one to relate angular distribu- 
tion and polarization measurements of inelastic 
processes to similar measurements of elastic 
processes. 

In order to interpret Eq. (1), it is useful to re- 
late the quantities in the equation to cross sec- 
tions. If a represents a two-particle state, we 
use the symbol o,™#* to denote the maximum 
inelastic cross section consistent with unitarity 
for unpolarized particles in the initial state a. 
Thus 0, ™4X = 7(2j +1)(NQNp)-*(i/p;i)?, where pj 
is the initial particle momentum, j is the total 
angular momentum quantum number, and N, and 
Np are the numbers of spin states of the two 
particles in the state a. It follows from the uni- 
tarity of S that (for a+8), IVqgl?= Tag” 
= gy g/Oq™* and Rq=D yey V guy |? = Gq '8/0q™X, 
where Oya is the actual (unpolarized) cross sec- 
tion from state a to state 8, and 0, ™ is the 
corresponding total inelastic cross section from 
the initial state a. 

We illustrate the applicability of Eq. (1) toa 
case in which more than two channels are open 
by considering the relation of photoproduction of 
pions from protons to pion-nucleon scattering at 
energies where two meson states are important. 
Peierls* and Sakurai® have discussed the angular 
distribution and polarization in the process 
y+p—p+7° on the basis of a model in which the 
two dominant processes are production of even- 
and odd-parity j = ? pion-nucleon states by mag- 
netic and electric dipole photons, respectively. 
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The model has had considerable success in ex- 
plaining and predicting experimental results.® | 
is assumed in this model that the photoproduc- 
tion phases are related to pion-nucleon scatter- 
ing phases. We may use Eq. (1) to show that 
such a phase relation can be established. We 
consider those states corresponding to j = 3, even 
parity, and unit positive charge, and label the 
different channels with the following indices: (1) 
photon-proton magnetic dipole state; (2) pion- 
nucleon in total isotopic spin 3 state; (3 and 
higher) all other states, including multiple meso 
states. The amplitude 7,, is then proportional to 
the amplitude A of references 4 and 5, the pro- 
portionality constant being real. We now use Eq. 
(1) to place limits on 6,,. Isotopic spin conser- 
vation in pion-nucleon processes implies that 
V2g =0 if 8 denotes a state involving a nucleon 
and one or more mesons corresponding to a total 
isotopic spin other than 3. Hence such J+ 3 states 
may be excluded from the sum over £ in Eq. (I). 
We define the quantities W, and W, by the rela- 
tions 


Wi=2D IVigl?, We= DL |Vagl*, 
“ee . és "8 


where I +3 states are excluded from the sums. 
Application of the Schwartz inequality to Eq. (1) 
leads to the result 


(1-R,)7(1-R,)" cos(20,,)>1-3(R, + Ry) 
- 3(W,W,/1V,,1?). (2) 


The quantities R,, R,, W, and W,/|V,,|? may 
be estimated from experimental data. We con- 
sider an energy corresponding to 600-Mev lab 
photon energy in channel 1, or 450-Mev lab pion 
kinetic energy in channel 2. Since R, is propor- 
tional to the square of the electric charge, it is 
small and may be neglected. The ratio W,/\V,,\ 
is equal to the cross-section ratio o,’/o,,, where 
0,’ is the cross section for the production from 
channel 1 of two or more mesons in a state of 
total isotopic spin 3 (if the weak radiative pro- 
cesses are neglected). The cross section o,, has 
been estimated to be 55 microbarns at this en- 
ergy.‘ In order to estimate o,’ we observe that 
the total cross section for the process y+p-7* 
+m +p is about 60 microbarns.’ The cross sec- 
tions for production of (22°+p) and (n+ + 1°+n) 
states are not known, but may also be of this 
order. It is probable that most of the multiple 
meson production at this energy is related to the 
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pion-nucleon 600-Mev scattering resonance and 
hence occurs in the J=4 state. Since o,’ repre- 
sents only the partial cross section for magnetic 
dipole photons leading to j = 3, J=3 states, it is 
certainly reasonable to assume that o,’<100 yb. 
Hence we assume W,/|V,,<2. In order to esti- 
mate R,, we note that at 450 Mev.lab energy the 
total inelastic cross section for an incident 1*- 
proton state (J = 3 state) has been measured to 

be less than 2.5 millibarns.® Hence the partial 
cross section o,'" must also be less than 2.5 mb. 
Since the maximum possible partial inelastic 
cross section o,™#* at this energy is 17.5 mb, 

it is seen that R,<0.15. By definition W, satis- 
fies the inequality W,<R,. We conclude that R,, 
R,, W,, and W,/\V,,|? satisfy the relations R, ~0, 
R,<0.15, W,<R,, and W,/|V,,17<2. From these 
relations and Eq. (2) it can be shown that cos(26,,) 
>0.84. Therefore, the phase ¢,, of the amplitude 
T,, must satisfy one of the two inequalities, 


I yp - 5g 1<17° or |g, -5,-71<1T°, (3) 


where the small photon scattering phase 6, has 
been neglected. Thus the phase relation charac- 
teristic of the two-channel case is nearly satis- 
fied here, even though several channels are im- 
portant. 

The amplitudes for production of a p-7° state 
are linear combinations of the amplitudes for 
production of J= 5 and J = 3 pion-nucleon states. 
In the model of references 4 and 5 however, the 


I=4, j= 2 magnetic dipole state is neglected, so 
that the phase ¢,, of Eq. (3) above is equal to the 
phase of the j = 3, magnetic dipole amplitude for 
the process y+p—p+n°. Similar results may be 
obtained for the phases of other angular momen- 
tum and parity states. In this manner polariza- © 
tion and angular distribution measurements of 
photoproduction may be related to similar meas- 
urements of pion-nucleon scattering. 

An interesting discussion concerning this sub- 
ject was had with Ronald F. Peierls. 





y Supported by the joint program of the Office of 
Naval Research and the U. S. Atomic Energy Commis- 
sion. 

'K,. M. Watson, Phys. Rev. 95, 228 (1954); see 
also M. Gell-Mann and K. M. Watson, Annual Review 
of Nuclear Science (Annual Reviews, Inc., Stanford, 
1954), Vol. 4, p. 219, Appendix. 

2F. Coester, Phys. Rev. 89, 619, (1953). 

’The choice is definite except that the phase of any 
state (and hence of all nondiagonal elements of T in- 
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RADIATIVE CORRECTIONS TO 7-e DECAY* 


Toichiro Kinoshita 
Laboratory of Nuclear Studies, Cornell University, Ithaca, New York 
(Received May 11, 1959) 


As is well known, the ratio of probabilities for 
1-e and 7- decays is given by’ 


m 2 m2 -m 3 2 
~— a8 we -4 


neglecting electromagnetic corrections, if the 
decay interaction is assumed to be 


ighy av (2g / ax), (2) 


where a=(1+iy,)/2 and / represents either muon 
orelectron. This interaction is consistent? with 


the hypothesis of universal V-A interaction of 
Fermi couplings.* Recent experiments‘ support 
these assumptions strongly. The new measure- 
ments are becoming sufficiently accurate to 
justify a calculation of the effect of radiative 
corrections. This problem has recently been 
studied by Berman,®* who has found surprisingly 
large corrections to 7-e decay. In this note it is 
attempted to understand the reason why the ra- 
diative corrections are so large. We are also 
interested to see whether the pion decay agrees 
with the recently conjectured “theorem” that the 
radiative correction to the total probability of a 
decay process is finite in the limit where the 
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mass of the secondary electron is assumed to be 
arbitrarily small, although corrections to par- 
tial probabilities may be divergent in such a 
limit. 

We first calculated the probability for the inner 
bremsstrahlung (IB) process in which the pion 
disintegrates into electron, neutrino, and pho- 
ton.” We integrate it over all neutrino and pho- 
ton momenta to find the energy spectrum of the 
electron.* Integrating it further over the elec- 
tron energy, the probability of observing any 





electron whose energy is less that E,,,, - SE is 
found to be 
AP, (4E) a m 
—— * 2)_3 
= 8 b(u) in(j2,) +210. -p?)-3 
u? (10-7 u?) soe ) 
a Inp+ es L(1- py?) 
15-21 ,? (3) 
* Bt-17) f’ 


where P, is the uncorrected rate of decay, 
L(x) = J * in(1-#)(at/0), 


2 
b(u) =2 (22 Inu + ‘), 


and AE is assumed to be small compared with 
the maximum energy E,,,, =m,(1+u?)/2. The 
total probability of inner bremsstrahlung is given 


by 
AP r 

IB_ a min ’ 2) 2 4 
ae 12ftn( _ ) In(1-y?) - $ lnp+ 1 


= m 
Mm m_,/ 








1 
Hee — ant pat 2) 
15 - 21,7 (4) 
* ea a) . 


This contains an infrared divergence since pho- 
tons of very low energy (with infinitesimal mass 
Amin) 2Fe emitted near the maximum electron 
energy. 

To find the correction due to virtual emission 
and reabsorption of photons, let us note that the 
interaction (2), or more precisely 


- 1. ; 
89 7,44 (4 ¢/ a eA o,)s (5) 
is equivalent to 
os 
am 4,9,» (6) 
in the lowest order in g and to any order ine, 
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where m;,° is the bare mass of the lepton.*»*° 
Thus the effect of virtual photons may be re- 
garded as consisting of two parts: (A) the cor- 
rection to the operator },a~,, due to the dy- 
namical effects of virtual emission of photons, 
and (B) the correction to the coefficient gm; that 
arises when one tries to express it in terms of 
the observed mass my. 

The correction A is found to be 


4P, a rA — 
—— — a 3 
ys [ In — a(n mT 2 n+ ) 


7 7 








+H inus 3], (7) 
1-y 


where ) is the ultraviolet cutoff. Thus, if the 
correction B is disregarded for the moment, the 
corrected rate of 1-e decay is given by 


P=P,(1+n), (8) 


where 


n= = [an(2) - ou nc yu?) ae in 


7 
7 
ee F - ra - yi?) + a (9) 


from (4) to (7). As a matter of fact, it is not 
necessary to calculate the correction B since it 
is already included in (8) if one remembers that 
the factor (m,°)? which appears in P, is (bare 
mass)” even when the radiative correction is 
taken into account. 

The total decay rate P depends logarithmically 
on the cutoff \, but the ratio R of total decay 
rates for e and py is independent of the cutoff if 
it is taken to be the same for both." Under this 
assumption, the radiative corrections to R, of (1) 
can be expressed as 


R=R, (1+5)(1+€), (10) 


where 1+6= [(me?/me)/(my°/m,) }? comes from 
correction B and 1+¢€ from correction A and 
inner bremsstrahlung. Using the electromagnetic 
mass of order a, one obtains 


5=-(3a/n) Ing /m,) = - 16.0(a/n). (11) 


It is seen from (9) that € = - 0.92(a/m) to order a. 
Note that there is no physical distinction be- 
tween correction A and correction B, their only 
role being to modify the decay coupling constant. 

It is therefore misleading to talk of them se- 
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parately. As is seen from the smallness of €, 
however, the sum of correction A and inner 
bremsstrahlung is quite insensitive to whether 
the decay particle is muon or electron. Thus the 
radiative correction to R, is mostly due to the 
correction B. In this sense one might say that, 
when one measures R, one is actually observing 
a finite difference of electron and muon self- 
energies. 

Ordinarily the experiment looking for 7-e de- 
cay excludes electrons whose energy is too low, 
in order to distinguish them from those of 7--e 
decays. Thus we should like to have the ratio 
R(SE) = (number of m-e decays for which the en- 
ergy of the electron is within AE of the maximum 
energy)/(number of 7-y decays). This is ob- 
tained from (3) and (8). As is easily seen, R(AE) 
can be written in the same form as (10) where 5 
is still given by (11) but « now depends on AE. 
The result agrees with Eq. (2) of reference 5. 

Numerically, the radiative correction to the 
ratio R, is -3.9% if all decay electrons are 
counted. Of this value, - 3.7% is due to the mass 
correction (11). Only - 0.2% comes from the 
inner bremsstrahlung and the virtual photon cor- 
rection A. If only those electrons are observed 
whose energy is larger than E - AE, the 
correction is - 7.8% for AE~10mg and - 14% 
for AE~0.5m,. Of these, -3.7% are always 
due to the mass correction 5. The large nega- 
tive corrections that still remain are nearly 
equal in magnitude to the positive probabilities 
of inner bremsstrahlung (3) which are 3.9% for 
AE ~10m, and 10% for A4E~0.5m,. This may be 
understood qualitatively if one imagines that the 
probability of finding high-energy electrons is 
reduced simply because some of them have been 
shifted to the low-energy side of the spectrum 
by inner bremsstrahlung. Thus, putting aside 
the bare mass correction which is energy in- 
dependent, the large radiative correction found 
by Berman in R(AE) may be regarded as a con- 
sequence of the high efficiency of the 7-e system 
as an emitter of hard photons. 

The results of this paper can be qualitatively 
understood by making use of the “theorem” men- 
tioned at the beginning.® At first sight, the ra- 
diative correction to 7-e decay, although it does 
not contradict the “theorem, ” supports it only 
in a trivial fashion, since not only the total rate 
but any partial rate of 7-e decay vanishes for 
m,-0 because the interaction (5) is proportional 
tom,. The fact that the correction 6 of (11) 
diverges logarithmically for m,-0 gives no 


trouble since R, tends to zero at the same time. 
This is in fact expected from our “theorem.” It 
is interesting to note however that the correction 
€ does not diverge in this limit. This can be 
easily explained by our “theorem, ” too. For 
this purpose, we have only to point out that € 
would be the total radiative correction for pion 
decay if the interaction were given not by (5) but 
by 


S40» (12) 


where f is a coupling constant independent of mj. 
Since P, is now finite for m,-0, the correction 
€ cannot afford to diverge if the “theorem” 
should hold. But (9) is in fact finite for m,-0 
whereas (3), (4), and (7) diverge. Thus the pion 
decay gives additional support for the general 
validity of this conjectured “theorem.” 

The author would like to thank Professor R. P. 
Feynman who contributed greatly to this work. 
He also wishes to thank Dr. S. M. Berman for 
checking our calculation including the total de- 
cay rate. 
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electrons is given by 
AP / P, = (a /1)(1-x)~! dx ((1+x?) In(x/p) - 2x 
- (1 -*)?In(1 -*)], 


where x is the electron energy measured in units F .,. 


If this is integrated over the range (0,*), one obtains 


AP. 3(*)/ Py =(/m){[2 In(1-x) +x + $ x7] Inu /x) 


+(£-3x%+3}x%) In(1-x) + 2L (x) + Bx + 4x7}, 


These formulas are good approximations for any x ex- 
cept atx ~0. Equation (3), on the other hand, holds 
only for AE <<E,,,x, where AE is related to x by 
x=1-(24E/m,). Note, however, that no approxima- 
tion about the electron mass is made in (3), (4), (7), and 


(9). Thus radiative corrections for 7-p decay are ob- 
tained by substituting the observed ratio of pion and 
muon masses in these formulas. 

°M. A, Ruderman and W. K. R. Watson, Bull. Am. 
Phys. Soc. Ser. II, 1, 383 (1956); R. Gatto and M. A, 
Ruderman, Nuovo cimento 8, 775 (1958). 
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In this section are printed the abstracts of Articles that 
have been forwarded to The American Institute of Physics 
for publication in THE PHYSICAL REVIEW. In quoting 
information obtained from this section before the appear- 
ance of the corresponding Article,. reference should be 
made to “Physical Review (to be published)” rather than 
to this Journal. 


ION CONFINEMENT BY ROTATION IN MAGNETIC 
MIRROR GEOMETRY. C. L. Longmire, D. E. 
Nagle, and F. L. Ribe, Los Alamos Scientific 
Laboratory, University of California, Los Alamos, 
New Mexico (Received January 8, 1959). 


When a generally radial electric field is im- 
posed upon a mirror magnetic field configuration, 
the resulting system has an increased ability to 
contain plasma between the mirror regions. The 
motion of the ions consists of a drift around the 
axis of symmetry upon which is superimposed a 
spiralling motion. The guiding center motion de- 
parts from the direction of magnetic flux sur - 
faces. An adiabatic invariant is derived for the 
drift component of the motion, and an expression 
is derived for the mirror enhancement brought 
about by the ExB drift. The departure of the 
guiding center of a particle from a flux surface 
and the energy balance of its secular motion are 
calculated by using the adiabatic invariant. 


EFFECTS OF DISSOLVED GAS ON THE SUPER- 


CONDUCTING CHARACTERISTICS OF TANTALUM. 


W. B. Ittner, III, and J. Marchand, * Research 
Laboratory, International Business Machines 
Corporation, Poughkeepsie, New York (Received 
January 9, 1959). 


The adding of a metallic impurity to a mon- 
atomic superconductor is a standard technique 
employed in experiments where it is desirable to 
vary systematically some of the material proper - 
ties of the specimen, e.g., the mean free path or 
the penetration depth. While it has long been sur- 
mized that the addition of a gaseous impurity 
would produce comparable effects, there has, to 
our knowledge, been no systematic work carried 
out to verify this assumption or to measure the 
magnitude of the effects produced. 

We here give a preliminary report on some 
recent work in which the concentration of a ni- 
trogen contaminant in tantalum has been varied 
systematically. One effect of the nitrogen con- 


taminant is striking. Very small amounts of gas 
allow, by a mechanism as yet unknown, for the 
formation of a “substructure” which permits 
superconducting inclusions to exist at fields con- 
siderably higher than the so-called critical field 
associated with flux exclusion in the bulk of the’ 
specimen. The general behavior of the contam- 
inated specimens is basically the same as that 
observed in inhomogeneous alloys containing re- 
latively large metallic impurity concentrations. 
Work is currently in progress to illuminate the 
basic mechanisms involved in the formation of a 
substructure in tantalum. 


* 
On leave from the Phillips Company, Eindhoven, 
Holland. 


SECOND LOW-TEMPERATURE PEAK IN THE 
INTERNAL FRICTION OF ALUMINUM. Edward 
Lax and Daniel H. Filson, University of California, 
Los Angeles, California (Received January 12, 
1959). 


A peak in the internal friction due to dislocations 
in aluminum was found well below the temperature 
of the usual Bordoni peak. Measurements were 
made from 25 kc/sec to above 1 Mc/sec, yield- 
ing a relaxation peak that varied with frequency 
over a temperature range of 21°K to 31°K. The 
activation energy of this peak was found to be 
0.024 ev. 


ELECTRON SPIN RESONANCE EXPERIMENTS 
ON DONORS IN SILICON. I. ELECTRONIC 
STRUCTURE OF DONORS BY THE ELECTRON 
NUCLEAR DOUBLE RESONANCE TECHNIQUE. 
G. Feher, Bell Telephone Laboratories, Murray 
Hill, New Jersey (Received December 29, 1958). 


The ground state wave function of the antimony, 
phosphorus, and arsenic impurities in silicon 
has been investigated by means of the electron 
nuclear double resonance (ENDOR) method. By 
this method the hyperfine interactions of the 
donor electron with the Si*® nuclei situated at 
different lattice sites were obtained. The iso- 
tropic part of the hyperfine interaction agreed 
with the theory of Kohn and Luttinger to better 
than 50%. From a comparison of the experi- 
mental results with their theory a value for the 
conduction band minimum in silicon of k,/kinax 
=0.85+0.03 was obtained. So far no satisfactory 
theory exists to account quantitatively for the 
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observed anisotropic part of the hyperfine inter - 
action. 

The observed line shape agreed with the shape 
predicted by summing up the individual hyper - 
fine interactions which are the cause of the 
broadening. The behavior of an inhomogeneously 
broadened line observed under adiabatic fast 
passage conditions is discussed in an appendix. 
The electronic g-values were measured with re- 
spect to the free carriers in a degenerate n-type 
silicon sample. The g-value of the free carriers 
was found to be 1.99875+0.00010. The deviations 
of the donor g-values from the above value is 
several parts in 10* and increases monotonically 
with increasing ionization energy of the donors. 

Besides the shallow donors Sb, P, and As, 
several other centers were investigated, but in 
considerably less detail. They include the 
chemical impurities Bi, Li, Fe, centers as- 
sociated with the surface of the sample and with 
the heat treatment of silicon. The influence of 
substitutional germanium atoms on the resonance 
line in phosphorus-doped silicon has also been 
investigated. 


ELECTRON SPIN RESONANCE EXPERIMENTS 
ON DONORS IN SILICON. II. ELECTRON SPIN 
RELAXATION EFFECTS. G. Feher and E. A. 
Gere, Bell Telephone Laboratories, Murray Hill, 
New Jersey (Received December 29, 1958). 


The different relaxation processes that connect 
the four energy levels in phosphorus-doped sili- 
con have been investigated experimentally. The 
relaxation time T, (am, =+1, am,=0) was found 
to be independent of phosphorus concentration be- 
low ~10'* P/cm*. Its value at 3200 oersteds and 
1.25°K was ~3x10** seconds and varied as 1/T 


for 1.3°K< 7 <2°K and as 1/7” for 2.5°K< T<4.2°K. 


The magnetic field dependence in the 1/T region 
suggests a direct phonon process. In the 1/7’ 
region T, was independent of the magnetic field 
between 3000 and 8000 oersteds. Above a con- 
centration of 10'° P/em*, T, varied rapidly with 
donor concentration, dropping to 10~* second at 
3x10"? P/cm’. In this concentration-dependent 
region, T, was independent of the magnetic field 
but depended on the number of acceptors present. 
None of the 7, mechanisms can at present be 
accounted for by the theories of Pines, Bardeen, 
and Slichter, and Abrahams. The relaxation 
time T, (Ams =+1, Am;,=%1) was ~30 hours at 
3000 oersteds and ~5 hours at 8000 oersteds in 
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fair agreement with the theory of PBS. The re- 
laxation time Ty (Amy;=+1, Am, =0) at 1.25°K 
exceeded 10 hours. 

The effect of light was investigated with a 
monochromator for 0.5 ev<hv<2 ev. The number 
of carriers introduced by light was obtained from 
the Hall coefficient. In a sample with 7x10 
P/cm*, T, was reduced to 25 seconds by 2 x10° 
electrons/cm*. Under the same conditions the 
spin-spin time T,, was reduced to 1 second. 
The bottleneck in the T.,.-spin exchange mecha - 
nism suggested by Pines, Bardeen, and Slichter 
is the spin-lattice relaxation time of the free 
carriers. This bottleneck is absent in a double 
spin exchange mechanism suggested by Anderson 
and is responsible for the observed T ss Process. 

A resonant spin-spin interaction was observed 
between the electron bound to an iron impurity 
and the phosphorus donor electron when the mag- 
netic field at which the two resonance lines over- 
lap was traversed. The application of this “mix- 
ing” effect to a nuclear polarization scheme is 
discussed. A complete mixing of two levels was 
also observed in phosphorus-doped silicon at a 
magnetic field of 40 oersteds. 

A spin diffusion process capable of transmit- 
ting a spin excitation to different parts of the 
resonance line was observed in arsenic-doped 
silicon. This process proceeds in discrete steps 
with frequencies determined by the different 
Larmor frequencies of the Si*® nuclei situated at 
various lattice sites relative to the donor atom. 


POLARIZATION OF THE ELECTRON GAS IN 
METALS BY SUBSTITUTIONAL IMPURITIES. 
B. D. Silverman* and P. R. Weiss, Physics De- 
partment, Rutgers University, New Brunswick, 
New Jersey (Received December 17, 1958). 


The ground-state energy of the system of im- 
purities and conduction electrons in a metal has 
been obtained in the limit of high electron den- 
sity. The procedure used is an extension of the 
Wentzel method applied to a reduced Hamiltonian 
which includes an electron-impurity interaction. 
It is reduced in the sense that the Coulomb in- 
teraction between electrons and the electron- 
impurity interaction are only effective in raising 
an electron in a state below the Fermi level to 
one above and vice versa. The ground-state en- 
ergy is then obtained by a canonical transforma- 
tion. The shift in energy of the ground state of 
the electron gas, due to the introduction of the 
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impurities, is quadratic in the electron-impur- 
ity matrix element. Higher order processes in 
this matrix element do not contribute since they 
are represented by unlinked diagrams. Consider- 
ing this shift in the ground-state energy to be 
expandable in powers of y,, a measure of the 
average interelectronic distance,. we show the 
leading or lowest order term in this parameter 
to go as (n/n,)rs~“*, where n is the impurity 
density and m, the electron density. Impurity 
locations are assumed random. All processes 
omitted in the reduction of the Hamiltonian are 
shown to contribute to higher powers iny,. The 
role of exchange is indicated. 


- 
Now at the Research Division, Raytheon Manufac- 
turing Company, Waltham, Massachusetts. 


SYMMETRY OF WURTZITE. R. C. Casella, Re- 
search Laboratory, International Business Ma- 
chines Corporation, Poughkeepsie, New York 
(Received December 29, 1958). 


The symmetry analysis of wurtzite, performed 
originally by Dresselhaus at the origin of the 
Brillouin zone, is extended. A method is employed 
at the zone boundaries which is considerably sim- 
pler than the standard procedure. Optical selec- 
tion rules for band-to-band transitions in the 
neighborhood of k=0 are re-examined. It is found 
that light polarized perpendicular to the c axis 
should be absorbed more strongly than light po- 
larized along the c axis, independently of the 
symmetry types of the initial and final states, un- 
less they have the same symmetry, which is un- 
likely. This result is in agreement with experi - 
ment for CdS and ZnS. 


SOME SELECTION RULES FOR BAND-BAND 
TRANSITIONS IN WURTZITE STRUCTURE. 
Joseph L. Birman, Sylvania Research Labora- 
tories, Bayside, New York (Received January 
23, 1959). 


Optical selection rules at k= (0,0,0) in the 
wurtzite structure are discussed. These rules 
suggest an interpretation of recently reported 
work on CdS by Dutton and Lempicki on reflec- 
tion spectra, and the excitation spectrum of edge 
emission in polarized light. Assuming band- 
band transitions at k= (0,0,0) are involved, a 
valence band spin-orbit splitting of 0.0167 ev 
and crystal field splitting of about 0.070 ev (at 


liquid N, temperature) are obtained for CdS. 
Other predictions of the model and other possible 
interpretations of the data are discussed. 


CHANGE IN VELOCITY OF SOUND BETWEEN 
NORMAL AND SUPERCONDUCTING STATES IN 
TIN. D. F. Gibbons and C. A. Renton, Bell Tele- 
phone Laboratories, Murray Hill, New Jersey 
(Received January 8, 1959). 


The difference in the velocity of sound between 
the normal and superconducting state in tin was 
measured at 80 kc/sec. A maximum change of 
~2 parts in 10° is found for a longitudinal wave 
in the [001] direction. Any change in velocity is 
<2 parts in 10’ for a longitudinal wave along the 
[100] direction or a torsional wave along the [001] 
direction. This disagrees with some previous 
determinations, but is in accord with other thermo- 
dynamic measurements. The effect of strain am- 
plitude and magnetic field on the velocity and 
attenuation of the sound wave in the normal state 
has also been investigated in some detail. 


IMPURITY EFFECTS ON THE SUPERCONDUC- 
TIVE CRITICAL TEMPERATURE OF INDIUM 
AND ALUMINUM. G. Chanin, E. A. Lynton, and 
B. Serin, Department of Physics, Rutgers Uni- 
versity, New Brunswick, New Jersey (Received 
December 10, 1958). 


We find that the effects of 0.01 to 1.0 atomic 
percent of various impurities on the supercon- 
ductive critical temperature of indium and alu- 
minum are strikingly similar to those previously 
reported for tin. For sufficiently small amounts 
of all solutes there is an electronic mean free 
path effect on the critical temperature such that 
T, decreases linearly with increasing reciprocal 
free path. For larger impurity concentrations 
the curves of critical temperature versus con- 
centration fall into groups according to the va- 
lence difference between solvent and solute. T, 
has a sharp upward trend for higher valence 
solutes; for those with lower valence the curves 
of T,, tend to flatten out. The similarity of these 
impurity effects for three such different super- 
conductors suggests that they are a fundamental 
property independent of the detailed nature of 
the superconductor. 
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ELECTRON CHARACTERISTIC ENERGY 
LOSSES IN SOME INTERMETALLIC COM- 
POUNDS. Bernard Gauthé,* National Bureau of 
Standards, Washington, D. C. (Received January 
7, 1959). 


Measurements have been made of the charac- 
teristic energy losses of 30-kev electrons in 
transmission through thin films of indium, in- 
dium antimonide, cadmium telluride, and zinc 
telluride; for comparison, the electron energy 
losses in antimony, cadmium, tellurium, and 
zinc have been reinvestigated. The energy loss 
spectra in these intermetallic compounds appear 
significantly different from a simple superposi- 
tion or average of the energy loss spectra of the 
component metals. Some detailed interpreta- 
tions of the characteristic energy losses in In 
and in InSb are suggested. 


* 
On leave of absence from the Laboratoire de 


Chimie-Physique, University of Paris, Paris, France. 


K X-RAY SPECTRUM OF Hg. Olof Beckman and 
Par Bergvall, Institute of Physics, Uppsala, 
Sweden (Received December 22, 1958). 


The K x-ray spectrum of Hg has previously 
not been measured with the same accuracy as 
nearby elements because of the difficulty of ob- 
taining a good anticathode. A wavelength deter - 
mination of Hg K a,, a,, 8,, and 8, is herewith 
reported with an accuracy of less than 40 parts 
per million. Using these data an earlier meas- 
urement of the weaker Hg lines is recalculated to 
give higher accuracy. 


LOW-FIELD MOBILITIES OF THE NEGATIVE 
IONS IN OXYGEN, SULFUR HEXAFLUORIDE, 
SULFUR DIOXIDE, AND HYDROGEN CHLO- 
RIDE. E. W. McDaniel, Engineering Experiment 
Station and School of Physics, Georgia Institute 
of Technology, Atlanta, Georgia, and M. R. C. 
McDowell, Royal Holloway College, University 
of London, Englefield Green, Surrey, England 
(Received October 7, 1958). 


Measurements of the low-field mobility of the 
negative ions in O,, SF,, SO,, and HCl are de- 
scribed. The results are 2.46, 0.57, 0.35, and 
0.71 cm?/v sec, respectively, reduced to 0°C 
and 760 mm Hg pressure. A quantum mechanical 
theory of ionic mobility is outlined and applied 
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to the gases investigated experimentally. Com- 
parison of the experimental and theoretical re- 
sults indicates that the oxygen ion is O, , but 
attempts to identify the ions in the other gases 
are inconclusive. 


MICROWAVE ZEEMAN SPECTRUM OF ATOMIC 
OXYGEN. H. E. Radford and V. W. Hughes, 

Sloane Physics Laboratory, Yale University, New 
Haven, Connecticut (Received December 1, 1958), 


The technique of paramagnetic resonance ab- 
sorption has been used to measure the g-factors 
of the ground *P term in O”* in terms of the pro- 
ton g-factor. The results are: -g (0; °P,) /gp 
=493.4236+0.0002 and “By (O; *P2)/&p = 493.4022 
+0.0002, where g, refers to protons in a cylin- 
drical sample of mineral oil. When combined 
with g  (H; Sj) /g, Measured in analogous ex- 
periments on hydrogen, and after inserting the 
theoretical value of g)(H; *S,2), the oxygen 
g-factors are found to be g7(O; *P,) =1.500986 
+ 0.000002 and g,(O; *P,) =1.500921 + 0.000002. 
A discrepancy of 7 parts in 10° between these 
values and corresponding theoretical g-factors 
can probably be laid to inaccuracy of the atomic 
wave functions used in the theoretical calculations. 


DETERMINATION OF ELECTRON POLARIZA- 
TION BY MEANS OF MOTT SCATTERING. 
Noah Sherman and Donald F. Nelson, Physics 
Department, University of Michigan, Ann Arbor, 
Michigan (Received January 8, 1959). 


The results of a numerical calculation of the 
polarization asymmetry factor, S(6) =[6(6) }”, 
and the single scattering cross section for the 
scattering of electrons by the unscreened 
Coulomb fields of gold and aluminum at energies 
of 75 kev and 121 kev are presented. The results 
for gold at 121 kev are compared with the Mohr 
and Tassie calculations for the,same element 
and energy which include the effects of screen- 
ing. This comparison (indicating a Mott asym- 
metry about 50 % greater for the screened field 
at angles near 165°) suggests the desirability of 
more detailed investigation of screening effects 
in order to be confident of Mott scattering as a 
means of measuring the polarization of electrons 
in this energy region. 
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RATIO OF THE GAMOW-TELLER AND FERMI 
COUPLING CONSTANTS DETERMINED FROM 
ft VALUES. O. C. Kistner and B. M. Rustad, 
Columbia University, New York, New York, and 
Brookhaven National Laboratory, Upton, New 
york (Received January 9, 1959). 


A comparison is made of the ratios of the 
squares of the Gamow-Teller and Fermi coupling 
constants, Cg 7*/Cf’, calculated from the latest 
experimental ft values and the theoretical matrix 
elements for the “doubly closed shell + 1 nucleon” 
mirror transitions and the 0*-0* transitions. 

The ft value of the neutron derived from the re- 
cent half-life measurement of 11.7+0.3 minutes 
leads to a value for Cay /CF’ of 1.42 +0.06, 
which is in agreement with the ratio obtained 
from the correlation coefficient for the beta- 
particle momentum and the spin direction of the 
decaying neutron. The ft value for the decay of 
H® is also in good agreement with this ratio if 
the Gamow-Teller matrix element for this tran- 
sition does not differ appreciably from that pre- 
dicted by the individual particle model. The ft 
values of the heavier mirror nuclei, O°, F"’, and 
Ca**, are consistent with a considerably lower 
ratio. In particular, O** and F’’, for which the 
Gamow-Teller matrix elements are considered 
the most reliable because the magnetic moments 
of the daughter nuclei are especially close to the 
Schmidt limits, lead to a value for Cg7’/CF* of 
1.16+0.05. These results are consistent with 
recent theoretical considerations which suggest 
that meson exchange effects may give rise to 
appreciable corrections in the calculation of the 
matrix elements. 


NOTE ON THE PHOTODISINTEGRATION OF THE 
DEUTERON. W. Zernik, M. L. Rustgi, and 

G. Breit, Yale University, New Haven, Connecti- 
cut (Received January 12, 1959). 


The differential cross section o(@,g) and pro- 
ton polarization P(@,¢) have been computed at 
y-ray energies of 22.5, 32.8, 64.4, 107.8, 164.5, 
and 193.9 Mev. The nuclear force potential was 
a slightly modified form of that used by Signell 
and Marshak. In order to test recent claims re- 
garding comparison with experiment not calling 
for the inclusion of effects of retardation and ex- 
change currents, these effects have been neglect- 
ed. The influence of the inclusion of different 
multipoles has been studied by employing suc- 


cessive approximations in which the transitions 
which are unimportant at low energies are intro- 
duced in turn. The inclusion of M1 transitions 
to triplets and of E2 effects has left discrepan- 
cies of several times the experimental error 
with data on o at 65 and 108 Mev. The relative 
largeness of the effects of the transitions just 
mentioned at the higher energies complicates 
the employment of the photoeffect as a means of 
obtaining evidence regarding the nucleon-nucleon 
interaction. 


LIFETIME OF THE 3.56-Mev STATE IN Li’. 

R. J. A. Levesque* and S. M. Shafroth, North- 
western University, Evanston, Illinois (Received 
January 12, 1959). 


An upper limit for the mean life of the 3.56-Mev 
state in Li® of 5x10™* sec has been established 
by a Doppler-shift method. This supports the 
0*, T=1 assignment for this level. It has also 
been established by a Doppler -shift technique that 
the angular distribution of the recoil alpha parti- 
cles arising from the Be*(p, a) Li®* (7) Li® reaction 
is symmetric about 90° in the center-of-mass 
system at the resonant bombarding energy of 2.56 
Mev. At 2.93-Mev bombarding energy the angular 
distribution of the alpha particles is peaked for- 
ward of 90°. 


* Present address: Physics Department, University 
of Maryland, College Park, Maryland. 


0- to 0+ BETA TRANSITION: Pr'**—Nd'. 
Fred T. Porter and Paul P. Day, Argonne Na- 
tional Laboratory, Lemont, Dlinois (Received 
January 14, 1959). 


The Argonne double-lens beta spectrometer 
and associated coincidence circuit have been 
used to observe the beta transitions of Pr'™. 
The validity of the spin and parity assignment, 
0-, to Pr'“ is supported by a measurement of 
the shape of the (1.2+0.1)% abundant 2.3-Mev 
beta transition, observed in coincidence with the 
697-kev gamma ray. Its shape is that of the 
unique (AJ=2, yes) first forbidden transition ex- 
pected if the transition goes from 0- Pr'™ to the 
2+ first excited state of even-even Nd'**. The 
shape of the (1.04 0.1)% abundant (807 + 5)-kev 
beta transition to the 2.19-Mev level in Nd’ 
was observed in coincidence with the 1.49- and 
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2.19-Mev gamma rays. Its allowed shape is 
consistent with a 0- assignment for Pr'“*. With 
this assignment the transition between the 
ground states is a 0- to 0+ case. The shape of 
this (2996+3)-kev, 97.8% abundant, transition 
was obtained from the total spectrum by small 
subtractions of the inner groups. Its nearly 
allowed shape is easily explained with a pure 
axial vector shape factor; in contrast, the 
tensor-pseudoscalar formalism fails to repro- 
duce the shape. The ratio of axial vector ma- 
trix elements ) =(i/y,/[o-T) can be determined 
from the shape; our data give \=5+2. This is 
the same absolute magnitude as some theoretical 
estimates but has the opposite sign. Our ex- 
perimental results are in good agreement with 
those of Graham, Geiger, and Eastwood who 
have already pointed out that this 0- to 0+ tran- 
sition does not offer a sensitive measure of the 
relative size of pseudoscalar to axial vector 
coupling constants although the net relative con- 
tribution of the direct pseudoscalar part to the 
whole AP shape factor must be $1% (with Rose- 
Osborne formalism). 

An incidental result of the present work is that 
the Hp of the K conversion line of the 133.5-kev 
transition following the 8 decay of Ce“ has been 
measured as 1064.8+0.6 gauss cm. 


GAMMA RAYS FROM THE 1.83-Mev RESONANCE 
IN THE REACTION Mg"(p,7)Al*®. A. E. Lither- 
land, H. E. Gove and A. J. Ferguson, Atomic En- 
ergy of Canada Limited, Chalk River, Ontario, 
Canada (Received January 12, 1959). 


The Mg”(p,y7)Al”® reaction has been studied in 
the range of proton energies from 1.66 Mev to 
2.02 Mev. A new resonance at 1.833+0.007 Mev 
was observed which corresponds to an excited 
state of 4.047+0.010 Mev in Al**. The new ex- 
cited state was observed to decay by the emis- 
sion of 4.01+0.04, 2.43+0.04, and 1.62+0.03 
Mev gamma rays. The last two gamma rays were 
observed to be in coincidence and the intensity 
ratio of the first two gamma rays was found to 
be (60 + 10):(40+10). The experimental value of 
wy =(J+2)0 0 /T was found to be 31073 ev for 
the ground-state transition and an upper limit of 
10 kev was estimated for I’, the total width of 
the resonance. Angular distribution measure- 
ments have shown that the angular momentum of 
the new state is either 5/2 or 9/2, with the latter 
value favored. On the basis of the observed di- 
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pole-quadrupole admixtures found for the gamma 
rays, the parity of the new state is probably 
even. A discussion is given of the place of the 
new state in the rotational-like bands of Al”. 


DECAY OF I! ~Xe!®, Ww. G. Smith,* P. H. 
Stelson, and F. K. McGowan, Oak Ridge National 
Laboratory, Oak Ridge, Tennessee (Received 
January 9, 1959). 


The decay of I** has been previously studied by 
two groups of workers, and, asa result, the 
following level scheme for Xe*™ has been pro- 
posed: 528 kev (2*), 1190 kev (4*), 1930 kev (6+), 
and 2340 kev (5°). Only the states at 1930 kev 
and 2340 kev were found to be directly populated 
by beta decay. However, the recent measure- 
ment of spin 5 for I’ suggests that the 1190-kev 
state, if 4*, should be populated by beta decay. 
In the present work, such a group was looked for 
and not found. A lower limit of 9.8 was set for 
the logft. Gamma-gamma correlations were al- 
so made. The experimental correlation for 1190- 
528-0 level sequence can be fitted by 4(Q)2(Q)0 
or by 2(96% D +4% Q)2(Q)0 sequences. The 2* 
assignment to the 1190-kev level requires a pre- 
dominantly M1 transition for the 2* to 2* transi- 
tion in contrast to the predominantly E2 character 
of other known transitions of this type. There- 
fore, either 4* or 2+ assignment to the 1190-kev 
state leads to an anomalous situation. Six other 
angular correlations were measured in an attempt 
to determine the characteristics of the levels at 
1930 kev and 2340 kev. It was not possible to ob- 
tain unique assignments. 


* Summer research participant from Purdue Univer- 
sity, Lafayette, Indiana. 


B"(He’,p)C'* AND B""(He*,d)C’? REACTIONS. 

H. D. Holmgren, E. A. Wolicki, and R. L. John- 
ston, Nucleonics Division, United States Naval 
Research Laboratory, Washington, D. C. (Re- 
ceived January 5, 1959). 


The differential cross sections for the B""(He’, 
p)C*’ and the B"*(He*,d)C’? reactions have been 
measured at 4.5 and 5.4 Mev. Yield curves for 
these reactions have also been obtained over the 
energy region extending from 3.00 to 5.40 Mev. 
The angular distributions for the deuteron groups 
are strongly peaked in the forward direction and 
indicate that the simple stripping interaction is 
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the predominant mechanism of these reactions. 
The angular distributions of the proton groups are 
more complex and more difficult to interpret; 
however, the yield curves change rather slowly 
with energy, suggesting that direct interaction 
mechanisms may be important. 


ANALYSIS OF PHOTONUCLEAR CROSS SEC - 
TIONS. A. S. Penfold, Enrico Fermi Institute 
for Nuclear Studies, University of Chicago, 
Chicago, Illinois, and J. E. Leiss, National 
Bureau of Standards, Washington, D. C. (Re- 
ceived December 15, 1958). 


The problem of obtaining a photonuclear cross 
section from a yield curve measured with a 
bremsstrahlung beam is discussed. This paper 
constitutes part of a larger report on the same 
subject containing numbers enabling cross-sec- 
tion analysis in the energy range 2 Mev to 1 
Bev. 


NUCLEAR PHOTON ABSORPTION IN CARBON 
AND OXYGEN. A. S. Penfold and E. L. Garwin, 
Enrico Fermi Institute for Nuclear Studies, 
University of Chicago, Chicago, Illinois (Re- 
ceived January 15, 1959). 


The importance of narrow, isolated, resonances 
in the photonuclear absorption cross sections of 
C and O was investigated by means of an absorp- 
tion experiment performed with 30.7 Mev brems- 
strahlung. The experiment yielded values for 
the cross sections averaged over the (y,n) cross 
sections for C’? and O**. The results for C were 
the same as those expected for a cross section 
without narrow resonances, while for O a defi- 
nite resonance effect was demonstrated. The O 
photonuclear absorption cross section, averaged 
over the O'*(y,n)O"* cross section, was found to 
be 26.7+3.5 millibarns, 16+4 millibarns higher 
than the value expected if narrow resonances 
contribute insignificantly. Estimated values for 
the parameters of the O resonances near 22 Mev 
are: average peak height, 106414 millibarns; 
ratio of the radiative width (to ground state) to 
total width, (6.6+0.9)x107*; total width about 
30 kev. The experimental results are insensitive 
to uncertainties in the non-nuclear x-ray attenu- 
ation cross sections for C and O. 


PRECISION MEASUREMENT OF THE Be*(y,) 
CROSS SECTION. J. H. Gibbons, R. L. Macklin, 
J. B. Marion,* and H. W. Schmitt, Oak Ridge 
National Laboratory, Oak Ridge, Tennessee (Re- 
ceived January 5, 1959). 


Measurements have been made of the photoneu- 
tron production cross section for Be® using y rays 
from radioactive sources of Y**(1.85 Mev) and 
Sb!** (1.69 Mev). The values obtained at these 
two energies are (6.54+0.31) x10~®cm? and (12.62 
+0.69)x108cm?, respectively. The limiting 
factors in the accuracy of these measurements 
are the uncertainties in the y-ray source strength 
calibration and in the NBS No.2 Ra-y-Be neutron 
source standard, and the lack of precise knowledge 
concerning the Sb'** decay scheme. A new meas- 
urement of the y-ray branching ratios in the Sb'™* 
decay has also been made. 


*Permanent address: University of Maryland, College 
Park, Maryland. 


PROTON ELASTIC SCATTERING CROSS SEC - 
TIONS OF Si, Cl, K, Sc, Ti, AND Mn. Sylvan 
Rubin, L. Evan Bailey, and Thomas O. Passell, 
Stanford Research Institute, Menlo Park, Cali- 
fornia (Received December 23, 1958). 


The proton elastic scattering yields of silicon, 
chlorine, potassium, scandium, titanium, and 
manganese have been determined with respect 
to that from copper in the energy range 1.0-2.0 
Mev at 150° laboratory angle. Two large reso- 
nances were found in silicon and two smaller 
ones in chlorine. The smooth regions of the 
curves do not vary significantly from the Ruther- 
ford values. 


y-RAYS FOLLOWING THERMAL NEUTRON CAP- 
TURE IN TITANIUM. J. W. Knowles, G. Manning,* 
G. A. Bartholomew, and P. J. Campion, General 
Physics Branch, Atomic Energy of Canada Limited, 
Chalk River, Ontario, Canada (Received December 
18, 1958). 


The y-rays following thermal neutron capture in 
titanium have been studied with two high-resolution 
spectrometers and with an angular correlation 
arrangement using two sodium iodide scintillation 
spectrometers. The high-resolution instruments 
were a pair spectrometer for the energy range 
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2.8 to 11.0 Mev and a double flat crystal diffraction 
spectrometer for the energy range 0.14 to 5 Mev. 
A total of 54 gamma rays were observed, 25 of 
which had not previously been resolved. *A decay 
scheme for Ti*® is given with energy levels at 
1.378+0.001, 1.583+0.001, 1.719+0.001, 3.172 
+0.002, and 3.261+0.005 Mev. The neutron bind- 
ing energy of Ti*® is concluded to be 8.132 + 0.006 
Mev. Angular correlation measurements were 
made between some of the prominent y rays e- 
mitted in the decay of Ti*®. The measurements 
confirm that the spins of the 1.378- and 1.719-Mev 
levels are 3/2 and1/2, respectively. 


+ 
Now at Norman Bridge Laboratory of Physics, Cal- 
ifornia Institute of Technology, Pasadena, California. 


PHOTOPROTON CROSS SECTIONS OF CARBON. 
S. Penner and J. E. Leiss, National Bureau of 
Standards, Washington, D. C. (Received Decem - 
ber 31, 1958). 


The partial (y,p) cross section of carbon in 
which the residual boron nucleus is left in the 
ground state has been measured with a thin-crys- 
tal proton spectrometer. This cross section is 
shown to decrease from about 10 mb at the giant 
resonance peak (22 Mev) to about 0.1 mb near 
60 Mev photon energy. Angular distributions 
measured at five energies exhibit an asymmetry 
around 90° which increases rapidly with increasing 
energy. The partial cross section to the first 
excited state of boron is (7 + 16) % of the ground- 
state cross section. The partial cross section 
to one or more excited states of boron about 5 Mev 
above the ground state is comparable with the 
ground-state cross section above 30 Mev photon 
energy. In addition to the cross-section data, the 
measurements provide a sensitive means of cal- 
ibrating the energy scales of electron accelerators 
at energies in the 25 to 50 Mev region. 


SCATTERING OF 14-Mev NEUTRONS BY CAR- 
BON. John B. Singletary* and Donald E. Wood, 
Northwestern University, Evanston, Dlinois 
(Received January 9, 1959). 


Differential and total cross sections have been 
determined for scattering of 14.1-Mev neutrons 
from several levels in carbon. The data were 
measurements of scattered neutrons made by 
means of the proton recoil reaction in nuclear 
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emulsion plates. The inelastic cross sections 
were 203 mb for the 4.4-Mev level, 96 mb for 
the 9.6-Mev level, and 124 mb for the unre- 
solved higher levels. The shape of the angular 
distribution for the 4.4-Mev level indicated the 
possibility of some direct interactions. No 
significant amount of scattering was observed 
due to the 7.6-Mev level. The elastic scattering 
angular distribution showed a forward-peaked 
diffraction-type structure and yielded a cross 
section of 805 mb. Comparisons are made with 
other data on the elastic and 4.4-Mev level scat- 


tering. 


*Now at the Los Alamos Scientific Laboratory, Los 
Alamos, New Mexico. 

tNow at General Electric Company, Hanford La- 
boratories, Richland, Washington. 


SLOW NEUTRON RESONANCES IN Eu" AND 
Eu**, Fahri Domanic* and Eugene T. Patronis, 
Jr., Brookhaven National Laboratory, Upton, 
New York (Received December 9, 1958). 


The total neutron cross sections of Eu'™ and 
Eu'** have been measured between 1 and 10 ev 
using a high-resolution crystal spectrometer. 
The Breit-Wigner parameters have been ob- 
tained for the 1.055-, 2.717-, 3.368-, and 3.710- 
ev resonances in Eu'*', and for the 1.725-, 
2.456-, 3.294-, 3.944-, 6.16-, and 8.87-ev re- 
sonances in Eu’, The values of the radiation 
widths for the 1.055-, 2.717-, 3.368-, and 
3.710-ev resonance in Eu" are almost identical, 
whereas out of the six resonances in Eu’®’ five 
are almost identical, and one is about 30% 
higher. 


*On leave from the University of Ankara, Ankara, 
Turkey. 


PRECISE DETERMINATION OF THE U** FIs- 
SION NEUTRON SPECTRUM. A. B. Smith, P. R. 
Fields, and R. K. Sjoblom, Argonne National La- 
boratory, Lemont, Illinois, and J. H. Roberts, 
Northwestern University, Evanston, Illinois 
(Received December 22, 1958). 


The U** prompt fission neutron spectrum is 
measured. Fast time of flight techniques are 
employed to study the neutron energy distribu- 
tion from 0.3 to 5.0 Mev. Proton recoil emul- 
sions are utilized for neutron measurements 
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from 1.2 to 7.0 Mev. The experimentally deter- 
mined fission neutron spectrum is expressed in 
the form: N(E) =(a,+a,E +a,E*)¢(E), where E is 
the neutron energy in Mev, N(E) is the number 
of U*** fission neutrons per unit energy interval, 
o(E) is the U*** prompt fission neutron spectrum, 
and a, @,, and a, are constants normalized to 
give agreement with the known average number 
of U*** prompt fission neutrons. The average 
energy of the U*** prompt fission neutrons cal- 
culated from the experimental results is 1.87 
+0.04 Mev. 


DEVIATION FROM THE ¢ APPROXIMATION IN 
THE FIRST FORBIDDEN § DECAY. Tsuneyuki 
Kotani, * Department of Physics, Indiana Univer - 
sity, Bloomington, Indiana (Received November 
19, 1958). 


The failure of the approximation is due to 
either the cancellation or selection rule effect. 
The latter may be due to K or j forbiddenness. 
In order to distinguish these three possibilities 
experimentally, the two transitions, 3(8)2(7)0 
and 2(8)2(7)0, are discussed. The present data 
on Sb'* and Rb® are insufficient to permit draw- 
ing a definite conclusion. Similar arguments can 
be extended to other 8 decays. To get more in- 
formation, the general energy and angular de- 
pendences are given in convenient form for 
various observables, and are shown numerically 
for Sb'**. Certain 8-y correlation experiments, 
especially the 6—circularly polarized y correla- 
tion and the transverse £8 polarization, are pro- 
posed for a variety of special 8 decays, e.g., 
Ga”, Y®*, and so on. It is also concluded that 
the unique-shape energy spectrum does not 
necessarily correspond to a unique forbidden 
transition. An example is Eu’**. Measurements 
of 8-y correlations are useful in order to decide 
this correspondence. Other 8 decays, which 
may be characterized by the cancellation, are 
Ag’, Re’®*, and Tm’”. 


* 
On leave from Tokyo Metropolitan University, 
Setagaya, Tokyo. 


TRIDENTS, yu-PAIRS, AND QUANTUM ELEC- 

TRODYNAMICS AT SMALL DISTANCES. J. D. 

Bjorken and S. D. Drell, Department of Physics 
and Institute of Theoretical Physics, Stanford 


University, Stanford, California (Received 
January 12, 1959). 


Four experiments are proposed and discussed 
as tests of quantum electrodynamics, as applied 
to photons, electrons, and » mesons at distances 
<107-% cm. These are: (1) electron-positron 
pair production by electrons in hydrogen (tridents); 
(2) wide-angle photoproduction of u-meson pairs 
in hydrogen with detection of one final meson; 

(3) wide-angle photoproduction of u-meson pairs 
in hydrogen with detection of both final mesons 
in coincidence; (4) u-meson pair-production by 
electrons in hydrogen. Taken together with wide- 
angle photoproduction of electron-positron pairs, 
which was discussed earlier, these experiments 
will extend our knowledge of electron, photon, 
and p-meson “size” to distances ~0.3 x 1075 cm. 
They are all feasible for the Stanford linear ac- 
celerator operating in the 500-Mev—1-Bev en- 


ergy range. 


NUCLEAR ABSORPTION CROSS SECTIONS FOR 
3.6-Bev NEUTRONS. Paul H. Barrett, Univer - 
sity of California, Santa Barbara, California 
(Received January 5, 1959). 


The absorption cross sections for neutrons on 
Pb, Cu, and Al have been measured by means 
of poor -geometry transmission measurements. 
The neutrons were produced by bombarding a 
1-in. thick polyethylene target with 6.2-Bev pro- 
tons in the Bevatron. Neutron detection was ac- 
complished by measuring the density of stars in 
nuclear emulsion. These measurements gave 
for the absorption cross sections for Pb, Cu, 
and Al 1930+ 300 mb, 704+140mb, and 430 + 56 
mb, respectively. An absorption mean free 
path in emulsion of A =50 +10 cm was obtained. 
The source strength of the neutrons was calcu- 
lated to be 0.19 (neutron/steradian) per proton 
striking the target. By comparing the multiplicity 
of mesons produced in nuclear interactions by the 
neutron beam and by protons of known energy, 
the average energy of 3.6+0.7 Bev was obtained 
for the neutron beam. 


ELASTIC PROTON-DEUTERON SCATTERING 
AT 450 Mev. A. V. Crewe,* B. Ledley, E. Lil- 
lethun, S. Marcowitz, and L. G. Pondrom,T 
Enrico Fermi Institute for Nuclear Studies, Uni- 
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versity of Chicago, Chicago, Illinois (Received 
January 9, 1959). 


The elastic scattering cross section for 450- 
Mev protons by deuterons has been measured for 
proton center-of-mass scattering angles from 
16.45° to 127°. The scattered protons (or recoil 


deuterons) were analyzed by a magnet and detected 


by a scintillation counter telescope. The cross 
sections have been normalized by using published 
p-p cross sections. The sticking factor has been 
calculated for two deuteron potentials using the 
impulse approximation. This analysis indicates 
that there may be destructive interference be- 
tween the n-p and p-p scattering in the deuteron 
at this energy. 


“also at Argonne National Laboratory, Lemont, 


Illinois. 
TNow at Wright-Patterson Air Force Base, Dayton, 


Ohio. 


GEOMETRICAL SIGNIFICANCE OF THE EIN- 
STEIN-MAXWELL EQUATIONS. Gerald Rosen, 
Palmer Physical Laboratory, Princeton, New 
Jersey (Received December 22, 1958). 


Rainich geometries are analyzed in terms of 
the invariants associated with the Ricci vierbein 
of principal directions. At any point the four 
unit vectors of the vierbein pair off into two 
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blades which contain the maxima and minima di- 
rections of mean curvature, respectively. The 
blades can “mesh” into smooth integral surfaces 
for certain electromagnetic fields. In general, 
neighboring blades are shown to be related by 
only two independent differential conditions. 


PARITY OF THE K MESON AND THE A BETA- 
DECAY BRANCHING RATIO. C. H. Albright, 
Palmer Physical Laboratory, Princeton Univer - 
sity, Princeton, New Jersey (Received January 7, 
1959). 


The related problems of A beta decay and K,,, 
decay (via a A-antiproton loop) are studied. Dis- 
persion techniques are used to calculate the vec- 
tor (axial vector) Fermi interaction coupling con- 
stant from the known K_ , lifetime and reasonable 
values of the strong-coupling constant for the 
scalar (pseudoscalar) K case. Each weak-coup- 
ling constant is then used to place a lower limit 
on the A beta-decay branching ratio with the re- 
sult that the limit with a pseudoscalar K is more 
than one order of magnitude smaller than that 
with a scalar K meson. The present meager ex- 
perimental information is essentially consistent 
with either K parity, for the observed branching 
ratio is approximately equal to the lower limit 
predicted for the scalar K case. 








